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INI  RO0UC.I  ION 


In  l‘)7S  a  proposal  was  submitted  to  the  Applied  I  ethnology  Laboratory  (AT  L)  entitled,  "Helicopter  Trans¬ 
mission  Components  IX-velopment  and  lest  Program,"  by  the  Boeing  Vertol  Company’s  Advanced  Power  Train 
I  ethnology  and  Drive  System  Design  organizations  puisuant  to  AIL  contract  D  AA  J  02-7  5-C-0022.  The  major 
ob/ective  ol  ibis  proposed  piogram  was  to  provide  impioved  helicopter  transmission  component  technology 
toi  integration  into  an  advanced-technology  demonstrator  helicopter  drive  system  in  the  1980-90  time  frame. 

I  he  pui  pose  ol  this  wor  k  was  to  conduct  development  testing  on  selected  ci  itical  components  for  a  helicopter 
advanced  transmission  which  could  enter  engineering  development  in  the  1 980-90  lime  frame.  The  design  goals 
toi  the  complete  transmission  system  were  established  as  follows: 

•  Weight  20-percent  decrease 

•  Reliability  and  maintainability  3.000  hours  M  I  BR  minimum  lot  scheduled  and  unscheduled 
icmoval 

•  Vulnerability  Withstand  12. 7-mm  API  impacts  at  200  yards  and  Iragments  emanating  from  a 
functioned  23  mm  HU  hit;  decreased  vulnerable  area  of  the  transmission  shall  also  be  a  design  target 

•  Survivability  Operate  at  the  gearbox  torque  limit  without  main  gearbox  luhiicanl  lor  not  less  than 
30  minutes  and  to  design  the  transmission  to  MIL  S  I  D- 1  290  ( AV),  paragi aph  5. 1 .7.2 

•  Ptoducibilny  20-percent  improvement  in  recurring  production  cost  over  contemporary  transmissions 

The  individual  transmission  component  design  goals  tor  the  development  work  to  be  accomplished  aie  as 
follows: 

Housing  10-pet  cent  reduction  in  weight,  25-peicent  reduction  in  vulnerable  area,  10-percent  reduction 
in  acquisition  cost,  and  ability  to  provide  improvements  in  M  I  BR  and  survivability 

Bearings  f input  pinion]  3-percent  reduction  in  weight,  65-percent  improvement  in  M  I  BR,  4-percent 
reduction  in  vulnerable  at  cm,  5-peicent  reduction  in  acquisition  cost,  and  ability  to  provide  improvement 
in  survivabilitv 

Seal  5-percent  improvement  in  M  I  BR. 

The  Boeing  Vertol  Company's  approach  to  the  improvement  ol  helicopter  component  technology  included 
considerations  ot  advanced  design  analysis,  design,  and  fabrication  techniques;  advanced  gear  and  bearing 
materials  new-concept  composite  housing  materials  and  design,  planet  carrier  rotor  shaft,  ting  gear, rotor  sup¬ 
port  bearing  design;  advanced  ribbed-cup  tapered  i  oiler  heatings  lor  support  ol  bevel  pinion  geais  and  shall 
magnetic  seals  to  achieve  decreased  weight  and  vulnerability .  better  integration  characteristics,  and  increased 
efficiency  ,  reliability ,  maintainability ,  and  service  life.  Careful  consideration  was  also  given  to  the  assessment 
ot  production  and  life-cycle  costs  lor  the  component  improvement  approaches  taken  which  will  maximize  the 
reliability ,  maintain  ibility,  weight,  and  per  lor  mane  e  in  an  inlegi  a  ted  sv  stem 
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In  June  of  1976  a  40-month  contract  (DAA|02-76-C-0045)  was  awarded  to  Boeing  Vertol  entitled,  "Ad¬ 
vanced  Transmission  Components  Investigation  Program.”  At  the  same  time,  two  additional  contracts  were 
awarded  to  the  Bell  Helicopter  Company  and  Sikorsky  Air-raft  to  conduct  similar  work. 

To  improve  upon  recently  designed,  highly  efficient  main  helicopter  transmissions,  it  was  determined  that 
minor  improvements  in  component  design  would  not  meet  the  established  design  goals.  Therefore,  a  review 
of  the  major  transmission/rotor/airframe  interfaces  as  well  as  the  design  of  the  internal  components  was  con¬ 
ducted  to  ascertain  their  impact  on  achieving  the  desired  goals.  Based  upon  detailed  trade  studies,  it  was  de¬ 
cided  that  the  best  way  to  reduce  weight  and  cost  and  improve  reliability  would  be  to  integrate  parts,  reduce 
interfaces,  rearrange  for  maximum  structural  efficiency,  use  new  materials,  and  shorten  critical  load  paths. 

Additional  concept  and  design  trade-off  investigations  were  conducted  to  determine  the  best  approach  to  attain 
the  desired  goals  and  objectives  and  to  determine  specific  drive  train  technology  improvements  required  to 
meet  these  goals. 

The  conceptual  design  was  to  be  sized  for  a  medium-power,  twin-engine,  single-rotor  helicopter  (approximately 
I  5,000  pounds  gross  weight)  with  approximately  70: 1  overall  reduction  ratio  between  engine  speed  and  rotor 
speed.  The  Boeing  Vertol  YUH-61  A  main  transmission  and  drive  system  design  was  used  as  the  baseline 
contemporary  helicopter  drive  system  technology  for  all  comparative  assessments  of  the  components  relative 
to  the  design  goals. 

The  overall  reduction  ratio  of  the  YUH-61  A  main  rotor  transmission  was  25.1  to  I.  The  engine  bevel  drive 
which  is  external  to  the  main  transmission  accounts  for  the  balance  of  the  reduction  ratio  of  67.6  to  1 .  Power 
inputs  to  the  main  transmission  are  at  the  90-  and  270-degree  positions.  The  main  transmission  also  had  pro¬ 
visions  for  a  forward  AGB  drive  at  0  degrees,  and  for  a  tail  rotor  and  aft  AGB  drive  at  1 80  degrees. 

The  loads  criteria  to  which  this  main  rotor  transmission  was  designed  are  as  follows: 


Maximum  single-engine  input  horsepower 

1,521 

Input  rpm 

7,419 

Output  horsepower 

2,655 

Output  rpm 

295 

Output  torque 

562,730  +  67,530  in.-lb 

Lift  load 

1 7,004  ±  567  lb 

The  initial  studies  resulted  in  a  redesign  of  the  main  rotor  transmission  of  the  YUH-61  A  helicopter  as  shown 
in  Figure  I . 

Based  on  this  advanced  conceptual  design,  a  component  development  and  test  program  was  structured  tor  each 
transmission  component  that  must  be  considered  to  attain  the  goals  set  forth.  The  selection  and  nonselection 
rationale  and  the  priority  of  each  proposed  component  work  task  were  defined  in  the  proposal  submitted  to 
ATL. 

To  provide  the  needed  technology  to  accomplish  the  proposed  advanced  design,  a  three-task  program  was 
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YUH-61 A  MAIN  TRANSMISSION 


ADVANCED  CONCEPT 
MAIN  ROTOR  TRANSMISSION 


Figure  I 


.  Main  Transmission  Configuration  Comparison. 


under taken  under  Contract  DAAJ02-76-C-0045,  to  investigate  the  high-iisk,  highp.iyolt  are. is.  Ihese  tasks 
were  classilied  as  follows: 

Task  I  Advanced-Composite  Housing 

Task  II  Bearing  Development 

Evaluation  of  Hot-Hardness-Carburized  Bearing  Material 
Advanced  Analysis  of  Complex  Bearing  Structures 
Advanced  Rihbed-Cup  Tapered- Roller  Bearings 
lask  III  Oil  Seal  Development 

Wor  k  was  initiated  in  these  areas  in  mid-1976.  In  1978  the  development  effort  on  the  composite  transmission 
housing  was  modified  and  the  overall  completion  date  of  the  contract  was  extended  to  December  1980.  The 
effort  on  Tasks  II  and  III  remained  unchanged  and  proceeded  on  schedule.  All  bearing  and  seal  work  was 
completed  in  December  1979.  It  was  therefore  established  that  two  technical  reports  would  be  issued. 
This  report  covers  work  completed  on  Tasks  II  and  III  and  another  report  which  will  be  released  at  a 
latei  dale  will  covei  work  under  Task  I.  A  preliminary  summary  of  the  total  work  was  presented  in 
Reference  1. 

This  report  is  divided  into  three  sections  representing  the  three  major  development  programs  of  Tasks  II 
and  III.  The  three  programs  are  briefly  summarized  below. 

•  Evaluation  of  a  high-hot-hardness  carburizing  bearing  material 

Th  e  results  of  evaluation  of  VASCO-X2  steel  as  a  bearing  material  are  presented.  The  design,  fabri¬ 
cation,  and  test  of  a  207S  ball  bearing  demonstrated  that  this  material  can  be  used  tor  integrated 
gear  and  bearing  components.  A  Weibull  plot  of  fatigue  data  indicates  that  a  material  life-improve¬ 
ment  factor  of  more  than  5  can  be  used  for  bearings  fabricated  from  VASCO- X2  steel. 

•  Advanced  ribbed-cup  tapered-roller  bearing  and  magnetic  seal  test  program 

The  results  of  seven  development  tests  and  one  limited  endurance  test  ot  a  ribbed-cup  tapered-roller 
bearing  and  magnetic  seal  arc  presented.  All  test  objectives  were  achieved,  including  operation  at 
loads  equivalent  to  1 ,500  hp  at  speeds  as  high  as  I  4,000  rpm.  The  program  was  extended  to  conduct 
six  oil-off  survivability  tests.  The  tests  did  not  achieve  the  goal  of  30-minutc  operation  after  loss  ot 
oil,  but  they  did  provide  insight  into  critical  operating  parameters  during  oil-off  operations. 

•  Advanced  analysis  of  complex  bearing  structures 

The  use  of  finite-clement  modeling  (FEM)  of  complex  bearing  structures,  such  as  rotor  shaft  support 
bearings,  was  investigated.  The  development  of  a  spring-gap  model  of  each  bearing  element  node 
provided  a  means  of  achieving  an  accurate  bearing  internal  load  distribution  due  to  structural  stiffness. 
The  effect  on  bearing  life  and  performance  can  be  evaluated  in  order  to  obtain  an  efficient  structure 
to  support  i datively  large  bearings. 

Complete  details  of  each  of  Ihese  programs  arc  discussed  in  the  following  sections. 

I.  Lenski,  Joseph  W„  Jr.,  and  Mack,  John  C,  DRIVE  SYSTEM  DEVELOPMENT!  F  OR  I  III  1980'S, 

Paper  No.  HPS-9,  Presented  at  the  Helicopter  Propulsion  System  Specialists'  Meeting  ol  the  Ametitan 
Helicopter  Society,  Williamsburg,  Virginia,  November  1979. 
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t.VALUAI  ION  Of  A  IIIGI  l-HOT-HARDNf.SS 
CARBURIZING  BEARING  MATLRIAL 


BACKGROUND 

As  pa 1 1  of  tho  development  ot  an  advanced  hearing  concept,  a  test  program  was  conducted  to  evaluate  the 
pei  tor  ounce  ot  VASCO- X  2  steel  as  a  car  buri/ing  material  suitable  foi  high -temper  attire  bear  ini;  applications. 

I  his  ma lei  ial  has  been  de\ eloped  by  Boeing  Vertol  tor  use  as  a  geai  malei  i.il  tor  impros  ing  the  load  capacity 
ot  higlils  stressed  spui  and  spiial  bevel  geais.  Performance  as  a  geai  material  has  been  good  and  the  steel  shows 
potential  as  a  good  bearing  material.  The  majority  ol  rolling-element  bearings  presently  manufactured  for 
llelicoptei  transmissions  are  made  Irom  through-hardened  steels  such  as  52100  and  M50.  Only  tapered-rollei 
healings  or  a  tew  special  bearings  are  manufactured  horn  standard  carburising  grades  id  steel. 

I  o  achieve  the  design  goals  of  an  advanced-concept  transmission,  there  is  a  requirement  that  rolling-element- 
tv  pe  bearings  possess  the  following  characteristics: 

•  Increased  fatigue  life  and  reliability 

•  Material  stability  during  reduced-oil-flow  operation 

•  Slow  crack  propagation 

•  Material  compatible  foi  both  gears  and  bearings 

•  Economical  to  produce 

•  High  hardness  at  elevated  temperature  (>300°f  ). 

I  he  above  items  have  a  common  lactoi ,  which  is  the  selection  of  an  optimum  bearing  matei  ial  that  possesses  all 
ot  these  qualities.  Present  througli  haidened  bearing  materials  such  as  52100  and  M50  steel  do  not  possess  all 
the  desired  teatuies  mentioned. 

In  Itie  maioiitv  ol  early  llelicoptei  applications,  consumable-electiode  vacuum-melted  AISI  521 00-ty  pe  steels 
have  satisfied  bearing  fatigue  life  requirements  tor  normal  operation  up  to  300"f  .  Above  this  tempeiature 
range,  AISI  52 1 00-ty  pe  steels  exhibit  a  loss  of  load-cany  ing  capacity  associated  with  a  reduction  in  hot  hard¬ 
ness  at  the  higher  temperaluies.  Tor  applications  requit  ing  operation  at  temperatures  exceeding  300°F  or  tor 
increased  tatigue-lite  requirements,  consumable-electrode  vacuum-melted  M50  tool  steel  is  used.  While  this 
material  has  shown  excellent  load-can  s  ing  capacity  and  stability  tor  operation  up  to  6 50° f  (Figure  2),  the 
raw  material  procurement  and  manufacturing  operations  are  considerably  more  expensive  and  the  rate  of 
crack  propagation  is  such  that  M50  steel  bearings  may  result  in  rapid  failures  due  to  race  cracking  Irom  either 
fatigue  or  ballistic  impact  damage.  In  addition,  M50  is  not  a  suitable  gear  steel.  Therefore  M50  meets  only 
some  ot  the  requirements  of  the  advanced-concept  transmission. 

When  comparing  various  case-car  bur  i/ed  and  through-hardened  bearing  materials,  one  must  evaluate  the 
material's  ability  toiesist  liactuie  dui  nig  operation.  In  a  failure  due  to  fracture,  a  crack  can  occur  either  Irom 
a  spall  or  trom  some  othei  high-stress  point  in  a  bearing  component  and  rapidly  traverse  the  section  hv  un¬ 
stable  crack  extension.  Ibis  type  ot  failure  in  through-hardened  steels  can  occur  without  warning  and  result  in 
the  loss  ot  the  structural  integr  itv  ot  the  beat  ing  (re.,  loss  ol  lit  and  internal  geometry  ),  possible  ti  agmeiitattori  ot 
the  bearing,  and  probable  damage  to  the  beat  ing  and  related  transmission  components.  I.xpei  ience  has  shown 
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Figure  2.  Hot  Hardness  Characteristics  of  Common  Bearing  Steels. 
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that  bearings  fabricated  Irom  high-carbon  through-hardened  steels  such  as  52100  and  M50  are  susceptible  to 
fracture  failures.* 

Boeing  V'ertol  has  used  AISI93 1 0  case-car buri/ed  steel  as  a  bearing  material  for  special  applications  where  the 
bearing  races  are  integral  with  a  gear  with  exceptionally  good  success.  Both  inner-  and  outer-race  applications 
have  been  used  successfully.  Boeing  Vertol  has  never  experienced  a  fracture  of  any  bearing  race  fabricated 
from  this  steel.  It  therefore  appears  that  the  VASCO- X2  material  properties  which  improved  the  performance 
of  helicopter  gears  at  high  temperatures  should  also  provide  similar  improvements  if  used  as  a  bearing  material. 

In  addition  to  VASCO- X2  steel,  there  are  other  high-hot-hardness  carburizing  steels  available  which  could 
provide  high-temperature  operation  similar  to  that  of  VASCO-X2.  These  materials  are  CBS600  and  CBS1000M. 
Table  I  provides  the  chemical  composition  of  these  materials. 

CBS600  steel  has  been  used  by  the  Timken  Company  in  bearing  applications  operating  up  to  600°F,  while 
CBS1000M  can  be  used  up  to  1 ,000°F  and  still  retain  the  desired  surface  hardness  required  for  good  fatigue 
life  properties  at  these  higher  operating  temperatures.  Timken  has  made  and  operated  bearings  of  CBS600  and 
CBS  1 000M  with  good  success.  No  bearings  have  been  fabricated  from  VASCO- X 2  and  only  limited  test  ex¬ 
perience  is  available  for  race  surfaces  made  from  VASCO-X2. 

To  evaluate  the  use  of  VASCO-X2  steel  as  a  bearing  material,  TRWs  Marlin  Rockwell  Division  was  sub¬ 
contracted  to  fabricate  a  lot  of  bearings  meeting  the  dimensions  of  a  standard  207S  hall  bearing,  except  that 
the  inner  races  were  fabricated  from  carburized  VASCO-X2  steel  and  all  other  elements  were  made  from  M50 
steel.  These  hearings  were  then  subjected  to  fatigue  endurance  testing  under  an  accelerated  load  schedule. 

TEST  BEARING  DESIGN 


TRW’s  Marlin  Rockwell  Division  of  Jamestown,  New  York,  has  conducted  many  bearing  tests  to  evaluate  new 
materials  or  improved  processing  methods  This  test  data  has  been  accumulated  using  a  standard  207S-size 
deep-groove  ball  bearing  as  the  test  specimen.  This  bearing  has  been  accepted  as  a  good  test  specimen  and 
therefore  all  future  data  is  compared  to  this  size  bearing. 

The  design  used  in  this  program  is  based  upon  the  standard  MRC  207S  deep-groove  ball  bearing;  its  basic 
dimensions  are  shown  in  Figure  3.  The  outer  ring  and  balls  were  fabricated  from  consumable-electrode  vacuum- 
melt  M50  steel  (AMS649)  and  the  inner  rings  were  made  from  a  bar  of  consumable-electrode  vacuum-melt 
VASCO- X2  (XBMS7-223)  case-carburizing  steel.  This  configuration  was  selected  in  order  to  minimize  costs 
and  to  expedite  the  test  program.  The  use  of  the  inner  rings  as  the  test  specimen  is  not  a  new  concept.  Be¬ 
cause  of  the  high  contact  stresses  on  the  inner  rings,  most  fatigue  failures  will  occur  on  this  ring.  Therefore, 
to  evaluate  the  material’s  rolling-contact  fatigue  properties,  only  the  inner  ring  is  fabricated  from  the  material 
being  evaluated  and  the  remaining  elements  (balls,  outer  ring)  are  fabricated  from  a  more  readily  available 
bearing  material  other  than  the  test  material. 

Until  this  test  program,  the  207S  ball  bearing  has  been  exclusively  fabricated  from  a  through-hardened  hearing 
steel.  Therefore,  prior  to  the  fabrication  of  these  bearings  from  a  case-carburizing  grade  of  steel,  a  study  was 
conducted  to  determine  the  case  depth  requirements  for  the  test  load  conditions.  In  order  to  minimize  the 
time  to  conduct  latigue  testing  of  the  material,  an  accelerated  load  condition  was  used.  The  load  established 


‘Bearings  fabricated  from  case-carburized  steel  are  not  susceptible  to  this  type  of  failure  because  a  crack  in  the 
case  progresses  until  it  reaches  the  relatively  soft  core  and  then  stops. 
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TABLE  1.  CHEMICAL  COMPOSITION  OF  VARIOUS  HIGH-TEMPERATURE  BEARING  STEELS 


In  pi  ev  ions  testing  was  ,i  I  ,400-pound  i  .icli.il  load  at  5,5oO  rpm.  I  In  (lei  this  condition,  an  A I  BMA  B- 1 0  life  ol 
appi oximatelv  38  horns  is  achieved  without  am  material  taclois  included. 


Boeing  Vei  tol's  e\pei  ience  with  case-cai  but  izing  grades  ol  steel  used  as  hearing  races  has  established  a  ci  itei  ion 
that  the  case  depth  to  Rockwell  hairiness  (Rc|  eg  should  he  three  to  live  times  the  depth  ol  the  maximum 
sheai  stiess.  \  computet  analysis  study  was  conducted  loi  vaiious  load  levels  lor  a  207S  ball  healing  and  the 
results  ol  this  stuily  are  shown  in  I  able  2.  lot  the  lest  condition  ol  1 .400  pounds,  the  depth  to  maximum 
shear  is  0.0076  inch  and  this  i exults  in  a  case  depth  iei|niiemeni  ol  0.023  to  0.038  inch.  Based  upon  this  inhu¬ 
mation,  the  ellective  case  depth  o|  0.070  to  0.100  inch  (Rc  50)  was  spec'ilied  with  a  requiiemenl  ol  an  Rc  58 
depth  ol  0.030  inch  minimum.  Uiulet  normal  loading,  the  case  depth  i eiiuiiements  would  he  much  less. 

BLARINC  i  FABRIC  A  HON 

Because  ol  the  relatively  thin  beating  section  and  high  case-depth  requirements,  a  special  heat-treatment  pro- 
cedui e  lot  these  lest  beat  ings  was  specilied  to  eliminate  any  problem  ol  through-hai dening  the  thin  section 
umlei  theiaceway.  The  VASCO  X2  steel  innei  rings  were  initially  turned  to  an  oversize  cotiliguraiion  as  shown 
in  Figuie  4,  Additional  material  icinained  on  the  bore  ol  the  innei  ring  to  allow  Cor  ample  section  si/e  to 
achieve  an  adequate  case  coic  ratio.  I  hese  i  ings  were  lubricated  by  4  RVV  and  then  sent  to  American 
Lob  man  n  Coi  potation,  Little  I  ei  i  v .  New  Jersey ,  to  be  case-cat  bin  i/ed  to  the  specification  shown  in  4  able  3. 
Upon  completion  ol  the  heat  ticatmcnt,  the  innei  rings  wete  returned  to  TRW  where  they  were  finish-ground. 

Hie  material  lot  the  fabrication  of  the  inner  lings  was  obtained  from  Teledyne  Vasco,  Latrohe,  Pcnnsy  Ivania, 
pei  Boeing  Vertol  Specification  BMS7-223  (VASC  0X2).  A  3-inch-diameter  bar  was  obtained;  the  analy  sis  of 
the  heat  lot  lor  this  bar  is  shown  in  Table  4.  Forty  inner  rings  were  machined  in  an  oversized  configuration 
horn  this  stock  and  the  inner  rings  were  s.ivi  to  American  Lohmann  Corporation  for  case-cat  hurizing  and  heat- 
treatment.  The  inner  rings  in  the  as-received  condition  were  carburized  to  the  depth  shown  in  Table  3.  One 
ling  was  removed  and  sectioned  to  determine  the  case  depth  and  microstiucture  of  the  inner  ring.  The  results 
of  this  I  it  st  check  are  shown  in  Figure  5  and  indicated  that  an  acceptable  case,  core  was  achieved;  the  remaining 
rings  were  then  approved  lor  tempering  for  3  hours  at  approximately  1 ,200°F.  After  tempering,  the  bote  of 
the  inner  rings  was  machined  to  a  larger  diumotei  in  order  lo  eliminate  the  case  on  the  bore.  If  the  beat  itlg 
section  was  thicket  or  the  case  depth  not  as  deep,  this  operation  would  not  be  required.  A  general  rule  is  that  a 
core  ol  approximately  I  .3  of  the  section  thickness  should  be  maintained  to  achieve  the  desired  material  propci- 
ties  of  a  case-carburized  steel,  f  or  this  test  specimen,  the  bore  would  be  at  core  hardness.  After  machining, 
the  rings  were  hardened  and  heat-treatment  was  completed. 

I A  BLF.  3.  Ill  All  RLAIMI.NI  OF  VASCO-X2  I  LSI  SPLCIMFN 
INNLR  (BALL-BLARING)  RINGS 

1.  Heat-treater  shall  carhuiize  the  inner  rings  all  over  to  requirements.  The  effective 
case  depth  shall  be  0.070  to  0.100  inch  (Rc  50  depth).  An  Rc  58  depyh  ol  0.030- 
inch  minimum  is  required.  Refer  to  Figure  5.  Core  haidness  Rc  36-44. 

2.  Temper  all  inner  rings  within  5houts.il  1,100°  to  l,250°l  tor  3  hours  minimum. 

,  ,,  ,  ■  ■  ,  .  '0.000 

3.  Machine  inner-nng  bore  to  1.368  ^  inches  altei  lempei. 

4.  Nickel  stiike,  copper  plate,  harden,  and  lempei  pet  requirements. 

5.  Package  and  ship  completed  innei  rings  to  Mai lin- Rockwell  Division  of  TRW,  |ameslown. 

New  Yoik  (zip  code  14701). 


MATERIAL:  VASC0-X2  STEEL  PER 
SPEC  BMS-7-223 

207S  TEST  SPECIMEN  INNER  RING 
(BEFORE  HEAT  TREATMENT) 

‘DIMENSION  PRIOR  TO  CARBURIZE 
“DIMENSION  AFTER  CARBURIZE, 
TEMPER,  AND  MACHINING  BUT 
PRIOR  TO  HARDENING 


Figure  4.  Original  Oversi/.e  Configuration  of  Bearing  Inner  Race. 
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VILLELA’S  ETCH 


2  /X 


CROSS  SECTION  THROUGH  BEARING  UNGROUND 


VILLELA'S  ETCH  100X 

CROSS  SECTION  AS  ABOVE  AT  BEARING  RACE 


Figure  5.  Oise  Depth  ami  Micros! riuinrc  of  Bearing  Inner  Rai 


TABLE  4.  ANALYSIS  OF  BEARING  STEEL 


Brand. 

CVM  VASCO- X2  Mod  Boeing  Spec  XBMS  7-223 

Si/e  Pieces 

Weight 

Heat  No. 

Date  Shipped 

3  in.  id  1 

1221b 

3432-A 

10  26  76 

Mac  rust  rue  ture  Sa  t  isf  ac  tor  y 

Grain  Si/e  2T  6 

IB  6-1/2 

Magnetic-Particle  Inspection 

23 

E/S  0/0 

IB 

F/S  0/0 

(ominy  Hardenability: 

II  |4 

18 

111 

_|16 

124 

132 

2T  37.8  40.9 

40.3 

39.8 

39.3 

38.2 

37.9 

IB  39.0  39.4 

39.0 

38.5 

37.8 

37.0 

36.4 

j-K  Rating 

A 

B 

C 

D 

Thin  Heavy  Thin 

Heavy 

l  it  in  Heavy 

Thin 

Heavy 

TOO  '/.■ 

0 

0  0 

V/i 

A 

B  V:  0 

0 

0  0 

l1'.' 

A 

Heat 

Analysis 

No.  C  Si 

Mn 

S  P 

W 

Cr 

V  Mo 

3432- A  0.15  1.00 

0.20 

0.009  0.015 

1.33 

4.98 

0.40  1.3  3 

Middle  0.15 

B  0. 1 5  1 .00 

0.20 

0.007  0.015 

1.35 

4.98 

0.40  1.33 

The  inner  rings,  upon  return  to  TRW,  were  finish-ground  .tnd  matched  with  the  outer  ring  and  halls  lahticatcd 
from  M50  steel.  The  material  used  for  (he  outer  ring  and  halls  was  supplied  by  Marlin  Rockwell  per  specifica¬ 
tion  AMS6490  and  is  typical  of  material  used  for  aircraft-type  hearings. 

Upon  completion  of  all  operations,  33  hearing  assemblies  were  available.  During  the  inspection  ot  the  heat  ing- 
after  final  grinding,  several  inner  rings  showed  evidence  o(  surface  cracks  on  the  side  laces  ot  the  inner  ring. 

All  cracks  appeared  to  he  on  the  face  or  on  the  outside  diametei,  hut  none  were  recorded  in  the  tacewav  ot  tin 
bearing. 

Prior  to  the  start  of  testing,  a  destructive  metallurgical  examination  ol  one  heating  was  scheduled.  It  was  then 
lore  determined  that  a  hearing  should  he  selected  that  appeared  to  have  the  largest  surface  indication  lot  this 


examination.  This  hearing  was  returned  to  Boeing  Vertol  for  a  detailed  destructive  metalluigic.il  examination 
to  determine  the  cause  of  the  suiface  ciacks,  to  evaluate  the  microstructure,  and  to  determine  if  the  hearings 
were  acceptable  lor  fatigue  testing. 


I  he  hearing  selected  lot  examination  is  shown  in  Figure  6  in  the  as-received  condition,  and  Figui  e  7  shows  tin 
sur  lace  indications  as  they  appeared  on  the  inner  ring  side  face.  This  inner  ring  contained  two  indications  ap¬ 
proximate^  0.9  and  l.l  inches  long.  Metallographic  sections  through  the  bearing  inner  ring  revealed  a  unilorin 
carburi/ed  case  as  shown  in  Figure  8.  Also  shown  in  this  figure  was  the  indication  of  a  case-core  crack.  An 
enlarged  view  of  this  area  is  shown  in  Figure  9,  which  shows  a  crescent-shaped  case-core  separation  bisecting 
the  outer-diameter  corner  of  tire  bearing  inner  ring.  Additional  work  was  conducted  to  determine  the  origin 
of  the  cracks,  and  Figures  10,  1 1,  and  1 2  show  that  the  origin  of  the  crack  propagated  from  the  intergranular 
/ones  centrally  located  within  each  fracture.  I  liese  results  indicated  that  the  cracks  obser  ved  on  the  faces  of 
the  inner  rings  were  the  result  ol  case-core  separation  and  that  the  most  probable  cause  of  this  was  the  resull 
of  excessive  case  penetration  from  two  sides  of  the  lace/outside-diameter  intersection.  This  tvpe  of  case  cote 
separation  has  been  experienced  on  case-carburizing  thin-sectioil  gear  teeth.  After  a  complete  review  ol  this 
data,  it  was  determined  that  the  Hacks  were  not  in  an  area  that  would  affect  the  fatigue  life  ol  the  half  raceway 
contact  and  that  it  was  also  very  unlikely  that  the  ciacks  would  propagate  during  endurance  testing,  based  upon 
Boeing  Vertol  experience  with  this  type  of  cracking. 

In  addition  to  the  investigation  ol  the  surface  cracks,  a  detailed  metallurgical  examination  was  conducted  to 
deter  mine  the  case  depth  and  microsli  ucture.  The  carburi/ed-case-hardness  gradient  is  shown  in  F  igure  I  3. 

I  ft  is  shows  that  the  surface  hardness  in  the  race  track  is  Rc  63  and  a  hardness  of  Rc  60  is  maintained  to  a 
depth  of  0.035  inch  after  final  grind.  An  effective  case  depth  of  Rc  50  was  maintained  to  approximately 
0.070  inch  as  required  by  specification.  A  core  hardness  of  Rc  41  was  achieved  with  a  discontinuous  carbide 
network  and  retained  austinite  of  less  than  20  percent. 

A  case-carbon  gradient  was  also  recorded  on  this  inner  ring  and  is  shown  in  Figure  1 4.  The  gr  adient  is  typical 
for  VASCO- X2  and  was  acceptable.  A  metallographic  section  was  prepared  of  the  case  and  core  section  of  the 
inner  ring.  The  carburi/ed-case  microstiucture  showed  art  acceptable  discontinuous  carbide  distribution  as 
illustrated  in  Figure  I  5.  An  acceptable  hardened  and  tempered  core  microsiructure  is  also  shown  in  Figure  16 
and  is  considered  ty  pic  at  of  V  'Ad  O  \2  steel. 

Based  upon  these  findings,  it  was  determined  that  these  bearings  could  be  used  for  fatigue  testing,  f.xcept  fen 
the  case-core  separation  which  was  considered  due  to  an  exceptionally  high  case  depth  requirement,  all  other 
fac  tors  indicated  that  the  bearings  were  properly  heat-treated  and  met  all  the  requirements  of  propel  ly  heat- 
treated  VASCO- X2  sieel. 

Upon  completion  of  all  inspections,  32  bearings  were  assembled  and  all  met  specifications  except  for  three 
inner  rings  which  were  slightly  oversized  on  bore  and  two  bearings  which  had  slightly  larger  internal  clearances. 
Measurements  of  bore,  outside  diameter,  internal  clearance,  and  resultant  shall  fit  are  shown  in  'I able  5. 


In  addition  to  the  test  bearings,  TRW  provided  22  slave  bearings  which  were  lahi  icated  front  a  single  heat  of 
vacuum-degassed  52 1  00  steel  forged  ings.  I  liese  hen.  ings  remained  hum  three  lots  of  bearings  which  wete 
tested  several  years  ago  (see  Appendix  A)  under  the  same  load  and  speed  but  with  mineral  oil  lubrication  .it 
somewhat  lower  oil  inlet  tempcratuies.  These  hearings  met  the  same  specifications  as  the  test  beat  ings  except 
lor  matei  ial. 
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UNIFORM  CARBURIZED  CASE  ALONG  BALL  TRACK  . 
PROFILE  OF  CASE  CORE  CRACK  SHOWN  IN  CENTER 
SECTION  (ARROW) 

Figure  N  Metallography  Sections  Through 
Bearing  Inner  Ring. 
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Figure  9.  Enlarged  View  of  Case-Core 
Separation  at  Outer-Oiameter 
Corner  of  Bearing  Inner  Ring. 
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CARBON  PERCENTAGE 


Figure  1 3.  C:irlniri/ed-Casc-H:m1ness  Gradient  of  VASCO-X2  Steel  Inner  Ring  Specimens. 
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Figure  14.  I'nrhiiri/ed-Case-t'nrbon  Gradient  of  VASCO-X2  Steel  Inner  Ring  Specimens 


llifefe? 


;V^>;>-,Tv.;v 

.  ,"  fc.  _>  ..  %v  » >  ' 

'i>  «f 

‘r5m  -&\ :'; 

»  \f  ■**  **  ,  » 

'  •  Y.  .  ■  '  v  •  V  *  '  -  V ,  • 


bOOX  Nl  IAL  t  ICH 

Figure  15.  Acceptable  Discontinuous  Carbide  Distribution  Fxhibited  in  Carburi/ed-Caso 
Microstructure  by  VASCO-X2  Steel  Bearing  Rine. 
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Figure  lb.  Acceptable  Hardened  and  tempered  (  me  Micro- 

structure  Fxhibited  In  VASt  (VX2  Steel  Bearing  Bine. 
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1.4780 

0.0007 

2.8445 

0.0010 
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0.00  H) 

■1 

1.4780 

0.0005 

2.8446 

0.0010 

s 
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0.0007 

2.8345 

0.0008 

b 

1.4779 

0.0005 

2.8346 

0.0010 

7 

I.47SO 

0.0007 

2.8346 

0.0009 

8 

1.4780 

0.0009 

2.8346 

0.0010 

9 

1.4780 
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0.0012 
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0.0008 
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0.0007 
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>7 

1.4780 

0.0007 
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28 
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29 
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0.0007 
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0.0009 

<0 
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|  i  i j:u re  17.  Schematic  of  a  Ball-Bearing  Fatigue-Test  Machine. 
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individual  controls,  but  lubrication  and  hydraulic  pressure  ((or  radial  load)  were  supplied  by  a  single  pumping 
system.  The  test  spindle  allowed  lour  bearings  to  be  tested  at  a  time.  The  radial  load  was  applied  to  the  two 
inboard  positions  and  reacted  upon  by  the  two  outboard  bearings.  Because  ol  the  symmetrical  location  ol  the 
bearings  on  the  arbor,  each  bearing  experienced  the  same  load,  l  est  conditions  were  as  follows: 


•  Speed 

•  Load 

•  Lubricant 

•  Temperature 

•  Duration 

•  B-IO  Life 


5,500  rpm 

1,900  pounds  radial,  per  bearing  (c/p  ==  2.3) 
Mobil  Jet  II  (MIL-L-23699) 

190°F  ±  5°  outer  ring 
failure  or  1 ,000  hours 
38.7  hours  (ALBMA) 


Test  rigs  ran  24  hours  a  day,  7  days  a  week  until  automatic  shuldown  or  completion  of  lest.  In  case  of  a  bear¬ 
ing  failure,  a  printed-circuit  grid  under  the  bearings  was  shorted  by  metallic  chips  pr  oduced  by  the  fatigue 
failure  and  the  machine  was  shut  down.  Testing  was  also  interrupted  if  hydraulic  pressure  deviated  more  than 
two  percent  from  the  preset  level.  Ther  mocouples  were  used  to  record  the  temperature  of  the  outer  races.  A 
check  of  bearing  temperatures  showed  that  the  outboard  bearings  ran  in  Ihe  185°  to  190°F  range  while  the 
inboard  bearings  ran  at  190°  to  I95°F. 


Thirty  test  bearings  were  started  initially,  with  one  machine  running  with  two  test  bearings  and  two  slave 
bearings.  As  a  bearing  failed,  it  was  replaced  by  one  of  the  two  remaining  test  bearings  or  by  a  slave  bearing. 
In  addition  to  the  32  test  bearings,  22  slave  bearings  fabricated  from  a  baseline  52100  steel  were  tested.  The 
slave  bearings  replaced  the  test  bearings  at  failure  and  were  also  used  to  compare  the  life-improvement  factor 
to  VASCO- X2  steel. 


TES'I  RLSUl.'IS 


The  fatigue  endurance  lives  of  the  test  bearings  are  shown  in  Table  6.  Twelve  of  the  32  bearings  achieved 
endurance  lives  in  excess  of  1,000  hours.  Four  bearings  were  removed  from  test  due  to  outer-race  failures: 
the  remaining  16  bearings  were  removed  from  test  due  to  fatigue  damage  on  the  inner  race.  Also  shown  in 
Table  6  is  the  serial  number  of  the  test  rig  on  which  each  bearing  was  tested. 

Fable  7  provides  a  summary  of  the  22  slave  bearing  test  times.  Three  bearings  were  removed  due  to  inner-iace 
failures,  one  with  an  outer-race  failure,  and  one  with  a  ball  failure.  Three  bearings  were  suspended  with  more 
than  1 ,000  hours  of  testing  without  failure. 

Twenty  bearings  out  of  the  32  test  bearings  experienced  fatigue  spalling,  but  lour  of  these  failures  involved 
only  the  outer  rings  which  were  not  made  of  the  VASCO-X2  test  material.  In  addition,  a  leview  ol  the  test 
data  indicated  that  five  of  the  inner-ring  failuies  may  have  been  influenced  by  previous  adjacent  failures.  Al¬ 
though  all  the  bearings  were  visually  inspected  after  a  failure  ol  one  bearing  on  a  test  spindle,  a  detail  inspec¬ 
tion  of  the  inner  and  outer  raceways  was  nol  possible  due  to  the  t  iveled-cage-tvpe  construction  of  i he  test 
bearings.  The  five  bearings  which  are  suspected  of  being  influenced  by  pievioux  adjacent  failures  ate  as  follows 
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I  ABLE:  6.  I  A 1  ICjUL  t  NDURANCL  Ol  MRC  207S5I3  HALL  BLARINOS 


Inner  Ring 

Serial  No. 

Hours 

lesl  Machine 

Serial  No. 

Status 

8 

43.8 

10 

Spalled  inner 

17* 

65.7 

10 

Spalled  inner 

12* 

76.9 

10 

Spalled  inner 

1  1 

87.5 

5 

Spalled  inner 

6 

235.3 

8 

Spalled  inner 

14 

246.0 

5 

Spalled  inner 

3** 

264.2 

8 

Spalled  outer 

29 

282.9 

6 

Spalled  inner 

27 

314.5 

6 

Spalled  inner 

13** 

474.0 

6 

Spalled  outer 

19 

532.7 

7 

Spalled  inner 

7 

623.2 

5 

Spalled  inner 

5* 

628.7 

5 

Spalled  inner 

15* 

669.0 

6 

Spalled  inner 

18 

690. 1 

"7 

Spalled  innei 

30** 

715.2 

5  and  7 

Spalled  outer 

24 

759.8 

7 

Spalled  innei 

25* 

768.3 

7 

Spalled  inner 

20 

769.4 

1  1 

Spalled  inner 

7  +  a 

973.3 

1  1 

Spalled  outer 

16 

1,000.3 

1  1 

Suspended 

9 

1,000.3 

1  1 

Suspended 

10 

1,007.1 

12 

Suspended 

31 

1,007.1 

12 

Suspended 

22 

1,007.1 

12 

Suspended 

21 

1,007.1 

12 

Suspended 

32 

1,008.8 

10 

Suspended 

1 

1,011.7 

9 

Suspended 

26 

1,011.7 

9 

Suspended 

4 

1,032.8 

8 

Suspended 

28 

1,032.8 

8 

Suspended 

23 

1,074.5 

10 

Suspended 

*  Ihese  lai lures 

have  been  ct 

nsidered  as  suspended  data  points. 

These  lailutes 

influenced  by  pievious  adjacent  lailures  due  to  debiis  damage. 


1 1  Oulet  tace  I  ail  uros  Healed  as  suspended  data.  Material  ol  outer  paces  was 
(.1  VM  MSI)  sin-1. 


Remark;) 


Inner  Ring 


Serial  No. 

1  lours 

Remarks 

17 

65.7 

A  spall  covering  about  45  degrees  ol  arc  occurred  on  adjacent 

12 

76.9 

inner  ring  serial  no.  8  at  43.8  hours. 

5 

628.7 

A  spall  covering  about  45  degrees  ol  arc  occurred  on  adjacent 
inner  ring  serial  no.  7  at  623.2  hours. 

15 

669.0 

A  spall  covering  about  90  degrees  of  arc  occurred  on  adjacent 
slave  bearing  serial  no.  l-34.it  658.7  hours. 

25 

768.3 

A  spall  covering  about  25  degrees  ol  arc  occurred  on  adjacent 

inner  ring  serial  no.  24  at  759.8  hours. 

Visible  evidence  that  the  live  failures  cited  were  initiated  hy  debris  from  adjacent  failures  is  lacking  because, 
once  started,  failures  progressed  by  a  Making  process  until  shutdown  was  effected.  When  slave  bearing  no. 

1-34  failed  at  658.7  hours  in  machine  6,  dents  could  be  observed  in  test  bearing  no.  15.  (An  adjacent  slave 
bearing  which  was  more  severely  dented  was  suspended  from  test  at  the  time.)  The  ciiteria  for  omitting  the 
five  failures  were  based  upon  the  following  conditions: 

1.  The  si/e  of  the  preceding  adjacent  failure 

2.  The  time  relationship  between  adjacent  failures. 

A  Weibull  plot  was  made  based  on  this  test  data.  Bearings  removed  due  to  outer-race  failure,  suspect  inner- 
race  failure,  or  nonlailure  were  considered  as  suspended  data  points;  therefore  the  Weibull  plot  shown  in 
Figure  I  4  was  based  upon  I  I  innei -race  failures  and  2 1  suspended  failures.  The  plot  shows  that  the  B- 1 0  lile 
of  the  inner  races  fabricated  from  the  VASCO-X2  test  material  was  approximately  200  hours.  The  B-10  life 
of  the  complete  bearing  based  upon  an  AFBMA  calculated  life  is  38  hours.  This  shows  a  life-improvement 
factor  of  approximately  5.4  for  the  VASCO- X2  material. 

A  Weibull  plot  was  also  made  for  the  slave-bearing  failures  (Figuie  20).  Five  lailures  out  of  the  22  slave  bear¬ 
ings  were  used  to  generate  this  plot.  All  the  slave  bearings  in  this  test  program  were  made  from  a  single  heat 
of  vacuum-degassed  52100  steel  and  forged  rings.  Normally  these  bearings  are  fabricated  from  vacuum- 
degassed  52100  steel  tubing.  The  only  variation  in  these  bearings  is  that  they  were  heat-treated  in  three  lots 
designated  as  I-,  2-,  and  3-.  Ten  I  -  bearings,  seven  2-  bearings,  and  five  3-  bearings  were  used  to  make  up  the 
22  slave  bearings.  The  endurance  lives  of  these  bearings  when  tested  several  years  ago  by  TRW  under  the  same 
load  and  speed  but  with  mineral  oil  lubrication  at  somewhat  lower  operating  temperatures  were  appreciably 
higher  than  that  achieved  in  this  test  program.  Test  data  from  these  previous  tests  is  presented  in  Appendix  A. 
Initial  evaluation  of  these  results  would  indicate  that  oil-film  thickness  due  to  different  oils  and  tempeiatures 
may  have  caused  the  life  i  eduction. 

Photographs  of  the  inner  rings  of  the  test  bearings  after  lest  are  shown  in  Figures  21  through  28  grouped  as 
the  bearings  were  assembled  in  each  individual  test  machine.  If  a  spall  occurred  on  an  innei  ring,  the  spall 
was  oriented  so  as  to  appear  in  the  photograph.  An  initial  review  of  the  spalls  indicates  that  all  lailuics  appeal 
to  be  typical  bearing  fatigue  failures.  The  ball  path  on  each  beating  also  indicates  that  the  load  was  disti  ihuted 
equally  between  each  set  ol  lour  hearings  and  that  all  loads  weie  radial. 
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Figure  19.  Weibull  Plot  of  MRC  207S-513  Ball  Bearing. 
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Figure  21  Inner  Rings  Serial  No.  5.  7.  14.  11.  and  30  After  Test  From  Machine  No. 


Figure  22.  Inner  Rings  Serial  No.  15.  27.  20.  ;nul  13  After  Test  From  Machine  No.  (> 


Figure  25.  Inner  Rings  Serial  No.  1  and  26  After  Test  From  Machine  No.  9;  Rings 
Overheated  in  Test. 


Figure  26.  Inner  Rings  Serial  No  52.  12.  and  25  After  Test  From  Machine  No  10;  Sei 
No.  K  and  I  7  Were  Also  Tested  in  Machine  No  10  But  Are  Not  Shown 
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Figure  27.  Inner  Rings  Serinl  No.  16.  9.  2.  ;nul  20  After  lest  Front  Machine  No  I  I 


Figure  28.  Inner  Kings  Serial  No.  21.  10.  23,  and  31  Alter  lest  f  rom  Machine  No  I 
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I  \BL.t  r  \ 1 1C.UI  \  \OUK  \NCI  or  MRC  207S  SLAVt:  BI  ARINOS 


lost  Machine 

Beat  inj*  No. 

1  loui  S 

Serial  No. 

Status 

2  JN 

> .  s 

5 

Suspended 

j  ju 

10.3 

6 

Suspended 

2  2 

10.3 

6 

Su  spemled 

2  14 

lil 

7 

Suspended 

114 

H0, 8 

3 

Spalled  on  lei 

<  1  ^ 

128.8 

T 

Suspended 

3- 1  7 

137,3 

7 

Suspended 

1  20 

1  74.1 

6 

Spalled  hall 

213 

1  40.4 

- 

Spalled  inner 

2  10 

148. u 

6 

Suspended 

1 0 

201.0 

7 

Suspended 

:•  3 1 

201.7 

(> 

Suspended 

3-22 

Jlu.7 

1 1 

Suspended 

3-28 

28  3-  -7 

3 

Suspended 

1  ■  3-1 

344.2 

(i 
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Figure  29.  Slave  Hearing  Inner  Rings  Serial  No.  1-34  and  1-29. 


igure  JO.  Outer  Rings  Run  VVith  Inner  Rings  Serial  No  1  J  and  J  Showing  Fatigue  Spalls. 
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bearings  indicated  l h .it  the  surface  temperature  ol  f fit-  hearings  apparently  reached  400°r  or  higher  during 
this  short  period.  Although  the  bearings  were  discolored,  they  were  found  to  be  operable  and  llius  were  re 
tin  ned  to  test.  The  cause  ol  the  overheating  could  not  he  ascertained,  but  it  is  believed  that  a  spark  was  pro- 
duced  which  ignited  the  oil  and  then,  due  to  a  shortage  ol  available  oxygen,  the  flames  were  extinguished.  Both 
beatings  continued  testing  and  were  suspended  with  more  than  1 ,01  I  hours  without  failuie.  Iheretoie  it  ap¬ 
pears  that  the  shot!  oveiheated  condition  did  not  alteci  the  fatigue  life  of  these  bearings. 

I  dilutes  ol  the  case-carburized  VASCO-X2  inner  rings  appeared  to  be  typical  in  appearance  of  fatigue  spalls  in 
conventional  through-hardened  steel  ball  bearings.  Two  ol  the  tailed  test  bearing  inner  rings  (no.  8  and  no.  17) 
were  teturned  to  Boeing  Vertol  for  evaluation  of  the  cause  of  failure  and  condition  of  the  material  in  the 
spalled  areas.  The  condition  of  the  two  inner  rings  as  received  is  shown  in  Figures  32,  33,  and  34.  Bearing  no. 

8  exhibited  a  greatly  advanced  surface  spall,  while  bearing  no.  17  contained  a  much  sinallet  spall  approximately 
0. 1  inch  in  length  and  0.1  5  inch  wide.  A  detailed  metallurgical  evaluation  was  conducted  which  indicated  that 
the  failures  were  due  to  subsurf  ace  fatigue  with  crack  penetration  to  a  depth  of  0.007  inch  as  shown  in 
Figure  35.  This  corresponds  closely  to  the  point  ol  maximum  shear  which  was  used  to  establish  case  depth 
requirements.  Figure  36  shows  a  dos cup  of  the  spall  of  bearing  I  7,  and  Figure  37  shows  a  1  50X  view  of  the 
ball  track  which  indicates  only  light  surface  wear  and  debris  dents.  The  wear  has  been  light  enough  as  to  not 
remove  the  machined-surface  finish  marks.  In  addition,  the  microslruciure  of  the  case  and  core  was  examined 
to  detei  mine  if  heal  treatment  may  have  inf  luenced  the  lest  results.  Figure  38  shows  an  acceptable  carburi/ed- 
case  microstructure  in  the  spall  area  and  also  acceptable  core  microstructure.  The  checks  of  the  initial  heat- 
treated  ring  and  the  l.iilcil  rings  inilic.ital  that  the  VASCO-A2  material  was  properly  heat-treated  and  that  the 
material  properties  achieved  during  this  test  are  based  upon  good  material  qualities. 

CONCLUSIONS 

II re  results  of  this  iniiLtl  32-bearing  lot  test  indiijic  that  VASCO-X2  steel  can  be  used  as  a  bearing  material 
lot  future  applications.  These  results  also  indicate  that  a  material  factor  of  5  or  greater  can  be  used  This  is 
within  the  range  of  factors  used  for  CEVM  M50  steel.  The  testing  did  show  that  proper  design  ol  the  bear  ing 
geometry  and  adequate  case  depth  are  required  to  eliminate  the  possibility  ol  case-core  separation.  It  is 
anticipated  that  most  conventional  designs  will  not  encounter  this  problem. 

Based  upon  these  results,  VASCO- X2  steel  is  recommended  as  a  bearing  material.  The  use  of  VASCO-X2  steel 
as  a  mat  or  ial  for  the  inner  races  of  an  advanced  tapcred-roller-beai  ing  pinion  concept  is  discussed  in  the  next 
section.  This  combination  allows  for  the  use  of  a  material  that  is  suitable  for  both  gears  and  bearings  and  also 
allows  for  an  integration  of  components  to  simplify  design  and  reduce  parts  count  and  fretting  surfaces. 


BEARING  SERIAL  NO.  8  BEARING  SERIAL  NO  1  / 


Figure  32.  207S  Ball-Bearing  Inner-Ring  Fatigue-Test  Specimens  No.  8  and  No.  I  7  Fabri¬ 
cated  From  VASCO-X2  I BMS  7-2231  Alloy. 


Figure  33.  Test  Bearing  No.  8  Inner  Ring  Exhibiting  Greatly  Advanced  Surface  Spall 
0.90  Inch  in  Length  With  0.25-Inch  Width. 


F  igure  34.  Test  Bearing  No.  I  7  Inner  Ring  Exhibiting  Advanced  Surface  Spall  0.10  Inch 
in  Length  With  0.15-Inch  Width. 
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500X  NITAL  ETCH 

Figure  ,?8.  Acceptable  Carburi/ed-Case  Microstructure  and  Core  Microstructure  in  Spalled 
Area  of  V  ASCO  X2  Steel  Bearing  Ring. 
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ADVANCED  RIBBED-CUP  TAPERED-ROLLER  BEARING  AND 
MAGNETIC  SEAL  TEST  PROGRAM 


BACKGROUND 


In  1968  Booing  Vertol  sponsored  the  first  industry  high-speed  tapered-roller  bearing  research  program  with  the 
Timken  Company.  The  objective  of  this  initial  program  was  to  develop  tapered-roller  hearings  to  support  spiral 
bevel  gearing  in  an  advanced  helicopter  transmission  and  drive  system.  Tapered-roller  bearings  were  selected 
in  place  of  conventional  ball  and  roller  bearings  because  they  offer  the  greatest  potential  lor  increased  load 
capacity,  increased  fatigue  life,  and  an  appreciable  reduction  in  bearing  si/e  and  weight. 

This  development  work  on  high-speed  tapered-roller  bearings  was  continued  with  a  contract  from  the  Eustis 
Directorate  (ATL)  in  March  of  1971  (DAAJ02-71-C-0025)  to  design,  fabricate,  test,  and  evaluate  spiral-bev el- 
support  tapered-roller  bearings.  This  program  consisted  of  a  generalized  analytical  investigation  and  an  ex¬ 
perimental  investigation.  The  results  of  this  contract  have  been  published  in  USAAMRDL  Technical  Report 
73-1  6~ .  The  knowledge  obtained  from  this  test  program  established  that  tapered-roller  bearings  provided  a 
cost-effective  means  for  supporting  spiral  bevel  gears. 

As  a  direct  result  of  this  program  tapered-roller  hearings  were  designed  for  the  Heavy-Lift  Helicopiei  drive 
system.  Studies  showed  significant  weight  reduction  and  life  improvement.  Additional  tig  testing  was  con¬ 
ducted  and  was  documented  in  USAAMRDL  Technical  Report  74-33*.  In  addition  to  rig  testing,  full-scale 
transmission  tests  were  conducted  on  the  HLH  aft  anti  combiner  transmissions.  These  tests  have  shown  that 
tapered-roller  bearings  can  be  used  successfully  to  support  spiial  bevel  gears  in  the  actual  transmission  enviion- 
ment.  These  tests  also  provided  insight  into  areas  which  could  further  improve  the  operating  characteiistics  ot 
tapered-roller  bearings. 

Several  other  contracts  have  been  implemented  by  other  organizations  which  have  investigated  highei  speeds 
for  gas  turbine  application  (42,000  fpm),  the  use  of  high-temperatute  steels  (M50,  CBSI000M),  and  rations 
bearing  designs  (cone  rib,  cup  rib).  Although  significant  advancements  have  been  made  in  high  speed  lapcied 
roller  bearing  technology,  other  areas  of  development  needed  to  be  pursued  to  achieve  the  desited  design 
goals  of  the  advanced-concept  transmission. 

In  order  to  achieve  the  design  goals  of  this  program,  seveial  additional  advanced  design  features  in  rolling- 
contact  bearings  were  t equired.  Weight  reduction  for  bearings  can  be  achieved  in  two  ways:  I  itst,  reduction 
in  the  number  of  components  to  achieve  the  same  performance  and  life,  such  as  making  two  beatings  do  the 
work  of  three.  Second,  by  the  integration  of  components  to  reduce  the  total  parts  count,  such  as  making  the 
hearing  inner  race  an  integral  part  of  the  shall. 

The  advanced-concept  transmission  design  purposed  lor  this  program  illustiates  how  these  design  features  can 
be  incorporated.  I  he  input  pinion  design  (Figure  39)  shows  that  two  tapered-iollei  bearings  operating  directlv 
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on  tlu'  pinion  sli.itt  i.in  be  used  to  kmc  I  l ho  gc.n  lo.nls.  (.onsenlional  design  1.1K0  shown  in  I  iguie  isdl  ic 
>|U  in.il  two  lolli-i  heai  ings  .mil  .1  Kill  till  list  heai  mu  (.,  pci  lot  ill  tlu-  same  luiii  tioii.  In  .ulilition  to  tlk-  i  edits !  n  .11 
ol  oik-  Ih'.ii  iiij.  tin-  design  .  1 1  so  .illows  loi  simpliiitv  ol  iiirilimiMtioii,  ii'sultiiv.'  in  .1  tot.il  ol  six  tiwii'i  ni.iim 
i'  ‘inponi'iits.  1’ieliminais  weight  1 .1kul.1t ions  indii.itc  .1  (>.‘1  point. I  weigh;  vising  lot  e.nli  pinion  assi-mhlv  .mo 
,1  ii'iliii  t ion  in  sli.itt  length  ot  1  inches.  I  lie  pioduiihilils  o|  tlk-  pii.ioii  .issi  nil'K  .ilsu  iiiipi"\i  i!  hi'i.iusi- ol  tin 
r  i'i  lu  1  i'il  mmilii'i  ol  loinpoiii'iils  .mil  si  nip  lit  i  I  \  ol  design. 

Mil),  mgli  thi'  I'.isii  design  n  incept  .1ppe.11  s  simple,  I  lie  1 1  hh  epl  li.t.l  to  he  tested  to  ex  ablate  sc\  ei  .1!  1 1 1 ;  w  ,il 
le. 1  tut  es  tli.it  base  not  picxiouslx  been  in\ esl ig.it eil.  I  lie  design  used  .1  spi  mg  I.  '.i.led  set  ol  1  ihhed  tup  tape;  eii 
1  ol  I  et  he.11  ings  wliii  li  operate  dii  eet  K  11  the  pinion  shat  t .  I  lie  spi  mg  loaded  Iva:  mg  I  huts  in  t  he  housing.  I  he 
[imposed  test  piogi  1111  was  intended  to  eialtiale  the  loliowing  design  leatuies 

•  Spt  mg  I’lelo.tding  Hie  spi  ing  is  used  to  11  lain  tain  a  1  oils  taut  pie  load  on  the  set  ol  tapeied  ml  lei 
heai  ings  and  allows  1 01  1l1e1n1.1l  adjustment  dm  mg  .  .peiatioii.  I  he  design  and  eslal dish  11  lent  ol  the 
spi  ing  load  weie  m  he  ex  a  I  Haled  iindei  simulated  opeiat  ing  mud  it  toils  t,  ,  insuie  that  pmpei  heat  dig 
pi  eli  i.id  i'  maintained  dining  all  phases  ,  it  opeiati.  m  I  lie  spi  ing  I  eat  me  should  allow  1 01  iim  eased 
opetalion  altei  loss  ol  oil  heeatise  it  will  an  oinniodale  a v.d  expansion  due  to  heal  buildup  without 
adding  to  the  internal  pi  cloud.  I  he  build  up  0!  intei  Hal  pie  load  1 1  suits  In  1  up  id  del  el  101  at  'on  .  .1  ., 
tapei  eil  lollei  heat  ing 

•  I  I  oat  ing  heating  I  •  >  instne  that  the  spi  mg  load  t  unit  ions  pi  opei  !\  ,  one  heat  ing  in  the  u  1  must  he 
hee  to  lln.it  uxiullx .  I  lie  udsunied-conicpt  design  [imposes  the  use  ol  a  ptessiti  '/ed  oil  annulus  t. . 
maintain  an  oil  film  between  the  heai  ing  e up  outside  diametei  and  the  housing  linei  inside  diameter 

I  his  oil  til m  is  intended  to  1  educe  the  sliding  It  it  I  ton  and  itlsiii  e  that  the  heai  ing  1  up  w  ill  tin  ne  tieeK 
in  the  a\ial  dii ee't ion  umlei  the  spi  ing  hud  lane.  I'mpci  design  and  1  ,pciuli.  ,11  ot  this  liatui  e  ate 

I I  i  In  a  I  to  the  suness  ol  the  spi  ing-to.  tiled  tape'  ed  ml  lei  heal  ings. 

•  Ribhed-t  up  I  upcicd  Rollet  healing  Al though  1  ihhed-i up  tape! ed  mile:  hearings  hale  been  pm 
dlii  eil,  there  exists  set X  lit  tie  expel  ienie  1,  >nici  nmg  t  lie  it  pci  1 01  m.iilie  11  m  lei  1  el  at  bell  high  speed 
opeiation  Igic. iter  than  7,000  Ipm).  Wm  h  londuiteil  h\  SKI  midei  lonti  .11 1  D  A  \ III.’  < >  ( .  « M.i-4 " 
and  dm  umented  in  USAAMRDI  leihnii.il  Repoi  t  IR  •  '  Ih4  mdii.itetlth.it  this  t \  pt  ..|  design  is 
lea  silde  1 01  high  speed  a  |i|)  I  it  a  I  ions.  I  hese  tests  were  1 01  i.Iik  ted  on  lout  small  heai  mgs  unde"  the 
Iim itetl  loading  eoiitlition  ol  l lit  list  onls . 

lo  pt  oti  tie  adei|uatc  lu  hi  ii.it  ion  coxcruge  ol  a  cone  1  ih  designed  tapei  1 1 1-  ml  lei  heai  mg.  mam  oil 
hi  ties  ate  ici|uif ed ;  the  numliei  o|  holes  is  a  I  title  11011  til  speed  and  hear  mg  'i/e.  As  mam  as  I  t  holes 
weie  1  intuited  lot  III  Ills  pe  heai  mgs.  I  Ins  1  estilts  in  inn  eased  tests  and  dii  limits  in  manulai  tin  ing 
the  lie.n  ing  as  an  intc.gi.il  p.u  t  ol  the  shall  I  he  uip-i  ih  design  does  not  ici|imc  a  laige  nimihei  ot  oil 
stippls  holes  hei.uise  it  pmsides  a  naluial  trap  lot  all  oil  passing  tin, , ugh  the  healing  limn  the  small 
end  1 1  iguie  It)).  It  is  an  tin  paled  that  "ills  tout  oil  holes  will  he  iei|Un  ed  l. "  adenualels  I  u  hi  it  ate  this 
ts  pe  ol  healing.  1 11  addition,  this  design  eliminates  the  need  1 01  a  o  itu  al  I langi  to  he  m.ii hi ned  as 
par  I  ol  the  shall  and  mimes  the  possibilits  ol  damaging  the  shat  ’  geai  e  ■  -nip.  u  u- n  I  due  m  a  si  idled 
1  ih.  An  add  it  n  >nal  I  eat  me  ol  this  ts  pe  ot  heai  ing  design  is  that  tile  11.  it  in  a  I  i,  up  1,  „  .  a  I  1 1  iguie  -tin  in 
the  I  up  should  pi  os  ide  extended  oil  1  "I  t  .  ipciat  Iona  I  i.ip.thildl  and  1 1  seas  -  pmls.ie  .1  •  1  ..1!  Hooded 
ei  nlil  i  t  i"  'll  I  01  till  1 1  >1  lei  1  mil. Is  I 

t  (  onncis,  II.  and  Moms,, 11,  I  R  .  II  AS  I B1 1  I  I  >  Ol  I  AIM  Rl  I)  KOI  II  R  HI  AKIV.s  I  OR  MAIN 
Ml  Al  I  I  Nit , INI  Al’I’l  It  Al  IONS.  SRI  Industries,  |,n  .  I'NAAMRDI  IK  s  -It  >.  I.1M1-,  I  )u  e>  i.g  ,:te,  I  s 

At  ms  \u  Mohilil  s  Reseat  1  h  and  I  )es  el.  .pine  lit  I  a  I '01  at  01  s  .  I  01 1  I  list  is,  \  n  gimu.  \  u  .■  1 1  s  t  I  u  t. 
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ROLLER 


•  SPEED  BREAKTHROUGH,  OVER  42,000  FPM 
(PREVIOUS  LIMIT  G.000  FPM) 

•  IMPROVED  DESIGN  AND  LUBRICATION 

'THIS  DESIGN  REQUIRES  MANY  SECONDARY  LUBRICATION  HOLES  TO  THE 
CONE  RIB  RACEWAY  CONTACT  TO  SUPPLY  THE  NECESSARY  OIL  TO  PREVtNT 
RIB  SCUFFING,  THIS  SYSTEM  DOES  NOT  TAKE  ADVANTAGE  OF  THE  OIL 
FLOW  PATH  NOR  DOES  IT  TRAP  OIL  FOR  EMERGENCY  OIL  OFF  OPERATION 


PROPOSED  RIBBED  CUP  DESIGN 


4  HOLES  REQUIRED 


TRAPPED  OIL  FOR 
EMERGENCY  OPERATION. 
CRITICAL  RIB  ROLLER 
CONTACT  ALWAYS 
FLOODED  WITH  OIL 


NO  SLIDING  CONTACT 
ON  INNER  RACE  TO 
PRODUCE  SCUFFING 


Figure  40.  High-(.  apaeitv.  High-Speed  I  apered-Roller  Hearings. 


•  Lubrication  lnili.il  plans  call  lor  the  lubrication  ol  these  beatings  by  oil  supplied  to  the  shall  hole 
and  distributed  by  holes  in  the  shall  to  the  hearings.  No  esteinal  jet  lubiicution  is  pi. nmed  lm  these 
hearings.  I  his  method  ol  lubrication  should  eliminate  (he  risk  ol  blocked  jets  due  to  toieign  malci  ial 
contamination.  Tests  will  be  conducted  to  establish  required  oil  How  and  optimum  location  ol  the 
lubi  ic.tlion  holes  in  the  shall.  In  addition,  the  failsafe  operation  ol  these  beat  ings  will  be  invest igaled 
using  an  auxiliary  oil  supply  and  loss  of  oil.  Minimum  oil  flow  to  maintain  satistacloiy  opeiation  will 
he  determined. 

•  High- Hot- Hardness  Cat  buri/ing  Steel  I  o  enable  the  integration  of  components  such  as  bearing  taces 
and  gear  shafts,  a  material  which  is  suitable  for  both  gears  and  bearings  must  be  considered.  Boeing 
Vertol  has  used  VASCO  as  a  gear  material  lor  many  yeats  with  good  success.  To  evaluate  the  use 

ol  VASCO- X2  steel  as  a  bearing  material,  ball  bearings  were  fabricated  and  tested  to  establish  the 
rolling-contact  fatigue  properties  ol  VASCO  steel.  This  program  was  conducted  betoic  the  star  t 
ol  the  tapered-roller  bearing  program  and  the  results  are  reported  in  the  preceding  section  of  this 
document.  This  test  confirmed  that  a  common  steel  can  be  used  in  an  integrated  gear  and  bearing 
system  to  achieve  good  performance  for  both  the  bearing  and  gear.  The  final  evaluation  of  the 
integrated  design  was  to  be  conducted  under  this  test  program. 

•  Magnetic  Shalt  Seal  The  magnetic  input  shaft  seal  incorporates  a  face  seal  ol  carbon  urged  into  con¬ 
tact  with  a  lapped  steel  runner  by  magnetic  force.  The  expected  benefit  in  this  application  is  extended 
lile  compared  to  a  lip  seal,  mechanical  simplicity,  and  hence  reliability  compared  to  a  spring-loaded 
lace  seal.  I  he  shall  speed  is  not  considered  excessive  lot  standard  seals;  howevei ,  field  and  test  ex¬ 
perience  indicated  that  seal  leakage  and  wear  are  still  a  major  problem.  The  use  ol  a  magnetic  shall 
seal  should  provide  the  needed  improvement  to  achieve  the  objectives  ol  this  piogiam.  The  seal  will 

be  evaluated  lor  wear  and  leakage  rates  undei  the  simulated  environment  ot  an  input  pinion.  The  et- 
lect  ol  the  pumping  action  of  the  taper ecl-i oiler  bearing  will  be  one  ol  the  determining  tactois  tor 
good  per  lor  man ce. 

Although  the  advanced  transmission  components  investigation  contract  was  awarded  in  June  ol  I97(>.  the 
evaluation  ol  the  tapered-roller  beat  ing  phase  was  not  initialed  until  August  ol  1977.  This  delay  was  requited 
to  complete  the  evaluation  ol  the  high -hot -hardness  carburizing  steel  as  a  hear  in  g  material.  7  he  results  ol  this 
program  piovided  the  confidence  that  the  integration  of  hearing  and  gear  Components  would  result  in  the  ex¬ 
pected  petloimunce,  as  mentioned  earlier.  In  August  ol  1977  the  Timken  Company  ot  Canton,  Ohio,  con¬ 
tracted  to  fabricate  and  test  an  advanced-concept  libbed-cup  tapered-roller  beating.  This  program  dilution 
was  from  August  1977  to  September  1979. 

the  objective  ol  this  subcontract  was  to  design,  fabi icate,  and  demonstrate  a  r  ihhed-cup  taper ed-i oiler  beat  ing 
on  a  simplified  input  bevel  pinion  design.  Nonstand.nd  features  ot  this  high-speed  lapei ed-toller  bearing  were 
a  ribbed  cup,  the  inner  uce  or  cone  integral  to  the  shall,  lull  through-shaft  lubiicution,  and  a  completek 
machined  outer-land-riding  C-ly  pe  cage. 

Specific  items  loi  investigation  were  hearing  performance,  heat  generation,  lubrication  requirements,  mount¬ 
ing  (spi  ing  preload,  I  louting-cup  looseness,  and  ant  notation  devices),  and  endurance.  At  the  conclusion  ot 
this  ettort  and  cohsidei  ing  the  excellent  condition  ol  all  test  components,  an  extension  of  the  program  was 
a  war  ded  to  the  Timken  Company  in  September  ol  I  970.  I  his  add-on  phase  consisted  ol  six  oil -of  I  sut  i  ivahilr 
ty  tests.  These  tests  vveie  incorporated  into  the  initial  elloi  t  aiul  were  Completed  h\  December  ol  1979.  I  lie 
complete  results  ol  this  eflort  are  documented  in  this  section  ol  this  lepot  t. 


BLARING  DLS1GN  Ckl  I  I  R I IA 

Initial  li  adc  studies  cotuluc ted  to  develop  tlu-  adv anced  It  attsinission  i  vsul ted  m  the  pi climinai v  design  ,  a 
ribbed-cup  tapeied  i ollei  beatings  to  support  tlu-  bevel  input  pinion  as  shown  m  I  (im1  39.  Ihese  design 
studies  \u'i i*  conducted  based  upon  tlu4  lollowing  design  ci ilei ia 

•  Maximum  input  pinion  powet  I H, 5 1  3  in .lb  1 1 , S-l A  hpl 

•  Input  pinion  speed  7,l96rpm 

•  Boat in>;  B- 1 0  li to  900  In' 

*  The  900-houi  life  is  based  upon  no  material  lactoi  anil  at  a  cubit  moan  load  which  is  appioximaiclv  t>7  per- 
cent  dI  maximum  load. 

During  t h i'.  preliminary  design  phase,  both  the  inboard  beating  (toe)  and  the  outboard  beating  (heel)  note  con- 
liguted  as  shown  in  figure  39.  To  minimize  the  cost  of  this  test  program,  only  the  heel  position  was  considered 
lot  lull  development.  This  approach  enabled  Tie  Timken  Company  to  tool  up  lot  one  si/e  beating  and  did  not 
gi  eally  influence  the  intended  results  ol  this  pi  ogtam.  I  he  main  influence  ol  ibis  change  in  design  was  that 
the  toe  bearing  was  oversized  lot  the  imposed  loads  and  the  applied  test  loads  had  to  be  modified  to  maintain 
the  desited  loads  on  the  heel  beating.  I  be  end  tesults  were  that  the  heel  bearing  position  expel  icnccd  the  same 
loads  as  expected  in  the  actual  advanced-concept  Itansmixxion  and  the  toe  beating  loads  varied  as  rei|uited  to 
maintain  this  approach.  I  he  initial  size  ol  the  heel  beat ing  is  shown  in  1  able  S. 

Based  upon  this  initial  design  and  the  specified  loads,  an  iletalive  technii|ue  was  used  lo  anivc  at  the  tinal 
optimum  design  ol  the  test  beating. 

I  his  appioach  Consisted  ol  the  I  ol  low  ing  steps: 


1.  Capacitv  and  envelope  dimensions  supplied  to  the  limk.cn  beating  design  gtoup. 

2.  Beating  design  gtoup  ptoduced  geometry  details  and  sketches. 

I  ABLI  8.  VARIATIONS  OT  BLARING  Dl.SIGN 


Initial 

1  mal 

Outside  Diamelei  (in.) 

4.960b 

5.0000 

t  up  Width  (in.) 

1 . 3780 

1.7717 

Roller  LTD  Inside  Diumelei  (in.) 

3.2000 

3. 171-1 

Cone  Angle  (deg,  min) 

IS 

1  (.,  2b 

fatigue  Lite  (In)  at  7,177  ipm  undo  cubic 
mean  loading* 

'too 

'80 

Roller  Sphciical  laid  Radius  (peicent) 

80 

so 

(age 

Mac  hilled  s|ec ■/, 
siliei  plated 

Machined  dee), 
siliei  plated 

*  f  ina I  design  hours  vveie  calculated  based  on  catalog  appioach  wt Ih  no  mater  ial  lactoi .  Adjust 
men  Is  lot  positive  lubt  ic.it  ion  and  load  zone  effects  ptoduced  an  1.  10  life  ol  1 ,693  hours.  I  he 
tesults  o|  the  evaluation  ol  VASCO-X2  steel  indicate  that  a  material  lactoi  ol  5  could  be  used 
I  his  would  i  ecu  1 1  in  an  I  10  life  ol  8,4b  3  limns. 


\BLi  9.  SUMMARY  OF  II  SI  COMPONI.NTS 


'  I K  'i Cl'  w.  ’  !i !.i ! \  .  .  d  !  "  r1 :  .lui  .1: i.  c  !  ,  n  a  m.il  I.  siding.  Hoi  1  /un  >li esses  I  HU  I  iliiis.  and  heat 

l  New  .i  lia  was  s.ipphcd  to  .1  !  J  Jc s:jn  ill  •  Iljp,  .lllit  Nil'll'  3  .11  n  i  seen  I  cpca  ted  ml  1 1 1  !  Ill  ! :  n.i  I 

Jl  '';!!  W  I''  .ippi  !  W  .  .1 

S.  \  ,i! , .  .1 1-.  \U"i  i  e.Rlil  e.l  IV  1>  ‘I  f  lb.  It' ■'I  heal  i lltl  sl/e  was  t  m.ll  i/t'tl 

lilt  unli.i!  tU-t  vn  .iiitl  I  nut  design  spec  it  u.  .il  i>  >ns  Ini  beat  mg  envelope  diiricnsi.  'in  .mj  l  at  i cue  :1c  v  .ip.u.  it  v  .n  c 
given  in  I  .iU i t’  ,V 

Bused  up. m  llmlin.il  design.  the  i cm. inline  c ninpt  nen!-  'slave  Iv. limits.  Uni  sh.ill.  .1  n. I  magnetic  sc.ih  mi c  tie 
signed  I,  Mill  ul. lie  llu  i  n  pul  pun. 'll  Pei  el  geut  .is  closeiv  .is  p,  ism  pie  in  i  iitlei  It .  pi  opei  l\  evaluate  this  concept 

M -\  1 1  RIM  si  I  U  I  IO\  \\U  (  OMPONI  M  I  ABKK  A  I  IO\ 

Light  e. mip lei e  lest  assemblies  w ei e  i.ihi  u .Uetl  .lui  mg  '.his  pi tnr.ira.  Laeh  tesl  assemhU  c . nisistetl  o!  two 
test  healings,  .me  lest  sh.it  t ,  .me  magnetic  seal,  ainl  two  slave  heal  ings.  I  ui  each  assemhlv ,  new  Components 
weie  used  except  Im  the  slave  Ivai  mgs  I  able  4  pint  ides  a  summai  y  ot  .ill  the  components  I.ihi  leateil  tlui  me 
this  pi.  .ei  a  m.  F  in  lhei  details  coiicci  rung  elesiep  i  ,  m.itei  ial  selee  lion,  anil  fabrication  ut  each  e.  mip.  .neiit  ate 
pioutletl  in  tile  following  see  turns. 

lest  Heal  in  it' 

Si  \ teen  lest  he.it  mils  wet e  luanut.ic  t ut  e.l  lo  the  Boeing  Vet  tol  di  awing  lequn  ements  shown  in  I" iguie  4  I .  Lac'll 
test  heai  mg  consists  ot  an  l. \2342bl)  nhhe.1  cup.  an  I.  X 23426  A  cage,  and  a  set  ot  IT  LX23926B  rollets. 

1  lie  ilia  let  ial  selected  lot  tile  I  ah  lie  at  ion  ol  these  c  oili  pollen  ts  was  Cf.VM  CBS600  high-temperature  steel.  I  lie 
(  BShOO  steel  was  selected  because  ot  I  iiiihen's  ex  pet  ieiue  with  this  steel  as  a  heai  ing  niatei  ial.  Its  pi  operties 
ai e  also  vet  v  similar  to  the  VASCO- \2  steel  which  was  used  as  the  malei ial  tot  the  nine;  i.ice  w Inch  is  an 
integi.il  pail  ol  the  geai  shall.  Hie  chemical  composition  ol  CBS600  steel  is  shown  in  I  able  10. 

I  AB1.I  10.  CHLMK  AL  COMPOSITION  RANGLSOI  CUPS  AND 
KOI. LI  RS  Ol  I  LSI  BL  ARINGS 


The  healing  cage  is  an  outci-l.md-guided,  C-lype  cage  completely  machined  lion;  A I S 1 4320  steel.  Prioi  to 
silver  plating,  the  cages  were  dynamic-balance  tested.  All  cages  except  serial  no.  78-27  liad  a  total  imbalance 
ol  less  than  3  grams  per  cenlimetci  as  mcasuied  a!  both  pilots;  numbei  27  had  a  total  imbalance  ol  3.24 
grams  pet  centimetei.  File  bench  cli.mietiic.il  cleat ances  lot  the  cage  piloting  surtaces  were  0.006  to  0.016 
inch  alter  silver  plating.  1  he  silvet  plating  coni  or  tiled  tol  edet  al  Specilicat  ion  QO-S-365b,  1  \  pe  II,  Gi.nle  B, 
and  was  applied  to  a  thickness  ol  0.001  to  0.002  inch. 

Bel  ore  assembly  and  test,  each  Ivai  mg  component  was  closely  inspected  to  insuic  uniform  quality.  I  lie 
integi  a  I  race  ot  each  test  shat  t  was  Paced  to  check  angle,  conloui .  and  sui  lace  linish.  I  he  inspections  ol  the 
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ROLLER  DETAIL  (EX23926B) 


SMALL  END  ROLLER  DIA  0.4505  IN. 

LARGE  END  ROLLER  DIA  0.5602  IN. 

ROLLER  MAX  OVERALL  LENGTH  1.2096  IN. 

BODY  LENGTH  1.2000  IN. 

MIN  EFFECTIVE  LENGTH  1.1283  IN. 

NO  OF  ROLLERS  17 

CROWN  RADIUS  1,000  IN. 
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i  ihhnl  cups  .111  (.1  tollus  ini'  I  lull’d  .ill  cK'  iln  \U.  pi  ol  ill  tiaiis,  r  ■  >  1 1  c  i  si  A-  .mil  splni  ii_.il  i-nd  mi.nu.-u  \  ,  suit.ni 
finish  mi-.iMii  munis,  i-ti .  I  tic  i up.,  : . alu  .nni  1.141s  iu-i i-  pi .  mssul  aiim  1I1114  in  i hi  1 1 mki-n  C-  -mp.mi  s 
"tiilii.ll  I’.II  1"  Iiunul.il  lui  mu  .Hill  li  .11  i.ihitili  pi. in.  I  l  pii.ll  pnitili  tia.i-s  nl  thiinl'u  .plni  ii.il  uld  ladius 
(I  i  iiu  i  o  4  _?  1 .  i  nl  In  hi  nil  ( I  mn  ii  44),  .up  mi  i-w.ti  (I  iiun  i  44),  .mil  clip  i  it)  l.uc  It  14111  i  4  si  .n  i  shown  lm 
hi. n  iim  mi  s  ulii.h  was  usul  in  us.uni-k  iiunihu  4, 

si. Ill  Bl. II  Kills 

tin  list  ili.il  l  Jim  411  lor  l  his  pi  041,1m  I1.11I  pi  m  isions  tm  Iim  nun  ol  slaw  hiai  in  4s  wtiiiii  \m  .  imJ  i.  -  .ippli 
tin  ii|ii i v. .ill  1 11  41.11  iiMition  loads  fr.it.li.il,  thrust.  .Hid  momini)  in  ilu  list  hiaiirus.  Tin  K\u i no-.  si-lntid  In: 
tin  -Tin  In.iiiim  loi.ilion  win  iIuim-h  Irom  prniousli  disigtnd  hinh-spiid  l.ipi-i  cil-i  oilt-i  hi-.iiipi.  with  Inin 
holt's  to  tin  coin  nh  1  .in.  I  In  hi.n  ing  siliilid  was  substantially  I.11411  than  tin  list  hc.11  inijs-  aiul  thitilori- 
liwu  hi'.n i nils  win-  iniuind  to  complin  this  tut  pi 041  am.  Tin  I  \2456CC-h X2446DD  hiaiin-4  assimhliis 
similai  to  tin  I  l\16247(HVsii  iis  hiai  1114  win  lahi  iiatnl  to  In  usvJ  as  si  an  hiui  in4s.  fi  41111  4fi  |.  an  assimhh 
J1.1W1114  ol  tin  sl.iu-  hi.n  1114. 

I  hi  s|.m  hi’.ii  ini>  lom,  mp,  and  inllus  win  also  m.uli  I  mm  (il.VM  CBS600  stnl,  I  In  hiai  in-4  1.141  is  an  L- 
ti  [H-.  .. >i’i|'U  till  stanipid  1.141  m.uli  Imm  \lbl  IlilO  hol-i itllcii  stnl.  I  In  1.141s  win  silm-piatiJ  .mo!  Jin-4 
to  I  idu al  Spu ilii.it  ion  QQ-S-56sh,  I  \  pi  II.  Ciiaili  B.  t  -  a  ihiikniss  ol  0.00 1  to  0.00 2  imli. 

I  i-'t  SliaH 

Ihi  list  siiat l  with  int141.1l  hi. 111114  innu  tans  was  lahiuatij  thiuuith  a  join!  illnil  ol  tin  Airnu.m  Loiimapn 
t  01  p.  -i  at  ion  an  J  tin  I  i  m  kin  Company .  I  In  Boiin  4  Virtol  Coinp.un  suppliid  tin  VASCO-  \  T  stnl  to  tin 
Nnii- 1  nan  I  -  ill  maim  Cm  pm  al  ion  to  hi.it  -tiiat  and  pul  01  m  tin  1  i  tiish  •  mai  h  ini  114  nl  tin  shat  is  imp]  ini  tin 
I  n>h  41  :njiii4  ot  tin  hiai  i  1154  1  alls.  I  111  hiai  in4  1  ails  u  11 1  I  inish-41 . iiiild  hi  tin  1  imkiti  C  ompaiii  .  Ilii'  si- 
.mini  i  ..I  ,  1  pi- 1  a  lion  is  similai  to  what  would  hi  ivpictul  in  a  pioduition  mn  -  it  41.11  slial  Is. 

1  In  in.itio.il  si  In  lid  1 01  lain  iiat  inn  nl  tin  list  sh.it  t  is  \  AsCO  \2  .1n4i1-1.il  uum  mill  stnl  pu  Boiin.4  Vu  tul 
spu  .I  u  at  1011  B  MS  224.  This  is  tin  sanu-  mam  i.d  usul  in  tin  iat  I  in  (1.(1114  nl  MRC  2u~S  hall  hiai  in  55s  and  is 
also  . 1 '  1.  rnatn  1.1I  Usid  lm  41.11  appliiat  ion  at  Boiin  4  Vn  tul.  I  In  ilnniii.il  and  phi  si.  a  I  pi  opu  t,i.  oi  tin  hiat 
I"’  usi  j  to  lain  ii. iti  tin  list  slial  ts  an  shown  in  I  ahli  I  I . 

I  In-  tist  slial!  was  di-siynid  h>  1  i m kin  and  is  show  n  in  I  141111  47  1  In  shaft  was  thin  maihinid  and  I11.it- 

ti  i.tti-il  hi  tin  Amu  ii.in  I  oh  maim  (  oipoi.itioii.  1 111  only  anas  not  lomplitid  win  tin  I  inish-41  inJ  ol  iln 
two  1  an  loumal'  tin  tin  list  Inarinns.  Iln  hiat  trial  mint  was  cmiduitiil  pu  Boiiii4  YT-itol  manulaitui  in  4 

n-iuminii-nts  and  is  1  hi  sann  ptoiiilun-  usul  *or  standard  transmission  41.11s  lain  Hand  ft  mil  V  ASCO  stnl. 

I  hi  follow  1114  spi.it  1.  at  ions  ivu  1  to  hi  nut  on  tin  loin  sui  tails  nl  tin  shall  at  tii  1.11  hut  i  /  i  1114  and  final  ln.it 
ln.it  mint. 

a.  K.  AS  minimum  at  0.045  in. Ii  alt u  a  41  iml  alloss.11111  ol  0.01  8  in.li  minimum 

h.  R.  40  mini  mum  at  0.07  0  mill  at  In  a  41  iml  a  How  a  mi  ol  0  018  inch  mini muni 

..  Sui  tan  h at  dm.,  ol  K.  ho  minimum  al  tu  41i1-.il 

Aim  shall  .puinu-ns  win  pm.issid  in  ordt-i  toailiiiii  tin  ri’iiuirul  t-i 4I1 T  list  slialts.  I’i  101  to  I iual  u-st  hiat 
tiiatmuil.  a  s.impli  slu-4  ot  V  \S(  0X2  stnl  was  iliiiknl  to  miti  tin  Inat-tnatid  miiiostiu.iuii-,  liaidni's, 
arid  .ar/urri/i-i/  i.im-  i/iprhs. 
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Figure  45.  Typical  Profile  Trace  of  Cup  Rib  Face  Before  Test 
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Assembly  Drawing  of  Slave  Bearing. 


Figure  47.  Test  Shaft  With  Integral  Bearing  Inner  Races. 


TABLE  II.  ANALYSIS  OF  MATERIAL  FOR  TEST  SHAF  IS 
CVM  VASCO- X2  MOD  0.13/0.16C  BOEING  SPLC  BMS-7223 


Size 

6-1/8  in.  rd 


Weight 
3,488  lb 


Heat  No. 
31  91  A 


Macrostructure  Satisfactory 

Grain  Size  T  -5-1/2 
IB  6 

Magnetic  Particle  Inspection:  Top  F/S  0/0 

Bottom  F/S  0/0 

Jominy  Hardenability: 


J1 

J4 

J8 

112 

J16 

J_24 

J32 

Top 

38.0 

38.5 

38.5 

38.0 

37.8 

36.8 

36.4 

Bottom 

41.5 

42.0 

41.8 

41.2 

41.2 

41.2 

40.8 

)-K  Rating 

A 

B 

C 

D 

Thin 

Heavy 

Thin 

Heavy 

Thin 

Heavy 

Thin 

Heavy 

Top  1 

0 

1/, 

0 

0 

0 

1  Vi 

0 

Bottom  1 

0 

0 

0 

0 

0 

1 1  /. 

1.  , 

Heat 

Analysis 

No. 

C 

Si 

Mn 

S 

P 

W 

Cr 

V 

Mo 

3191  -A 

Top 

0.15 

0.94 

0.26 

0.005 

0.017 

1.31 

4.85 

0.43 

1.35 

Middle 

0.16 

Bottom 

0.15 

0.94 

0.26 

0.006 

0.015 

1.32 

4.84 

0.46 

1.35 

A  I /2-inch-thick  slug  was  cut  from  a  larger  test  specimen  and  polished  to  metallographic  surface  quality  .  1  he 
polished  specimen  contained  two  opposing  carburized  surfaces  and  two  others  containing  essentially  core 
carbon;  that  is,  no  carburized  case. 

Minohardness  measurements  were  made  at  0. 005-inch  intervals  from  the  surface  with  a  Tukon  hardness  tester 
using  a  500-gram  load  ami  a  Knoop  diamond  pcnctrator  to  assess  case  and  core  hardness  along  with  hardness 
gradient  in  depth  on  both  cathuii/ed  surfaces.  The  results  are  listed  in  Table  12. 

Ih.  qi,  i  mien  w.o  then  etched  to  establish  case  and  core  microstructures.  A  4-percent  nital  solution  was  used 
(•  'ec.  e  rln-  c  ase  one t ..st i uc t ur e  (especially  retained  austenite)  and  a  1 0-percent  Fe  CL  solution  to  better  delint 
il>.  i  - 1 •  in  : m .  cstiichwouldnoietchinnit.il.  Microstructures  were  then  r  ated  visually  at  SOOX  and  the 

■  i"  •  •  a,  |  •  |  ,01,  |  .||e,, 


l'f  win  taken  in  shoes  tire  essential  leutuies  ol  the  case  structures  at  the  surface  alter  grind 
r  ■  ■  I  '  .an es  IK  and  PM. 


TABU  12.  CAST  DEPTH,  HARDNESS,  AND  MICROST RUCTURE  I  TS!  DATA 
FOR  TEST  SHAFT 


A. 

Case  Depth  and  Hardness 

Rc  Hardness,  by  Conversion  from  Knoop 

As  Heat  Treated  After  0.018-in.  Grind  Allowance 

Case  Hardness 

Core  Hardness 

61/62  61/62 

43  43 

Case  Depth  to  Rc  60 

Case  Depth  to  Rc  58 

Case  Depth  to  Rc  50 

0.045  in.  0.027  in. 

0.057  in.  0.039  in. 

0.097  in.  0.079  in. 

B. 

Microstructure  in  Depth  (observed 

visually  at  500X) 

Depth 

Microstructure 

Surface  to  0.010  in. 

Full-grain  boundary  carbide  network,  along  with  large 
spheroidized  carbides  in  martensite  plus  1  5%  austenite 

0.010  to  0.01  5  in. 

Broken  carbide  network,  with  finer  spheroidi/ed  carbides 
in  martensite  plus  15%  austenite 

0.015  to  0.060  in. 

Fine  spheroidi/ed  carbide  in  martensite  with  austenite 
decreasing  from  1  5%  to  essentially  zero  at  0.060  in. 

0.060  to  0.120  in. 

Martensite  with  some  fine  carbides 

0. 1  20  in.  on 

Low-carbon  martensite  with  15  to  20%  ferr  ite 

C. 

X-Ray  Retained-Austenite  Results, 

Cr  Radiation 

Depth  (in.) 

Percent 

Other  Constituents 

0.005 

19.9 

M23  C6  carbides 

0.020 

17.5 

M23  Cg  carbides 

Finally,  X-ray  retained-austenite  measurements  were  made  on  Both  carburi/ed  surfaces  at  the  0.005-  and 
0.020-inch  depths;  the  resulting  data  is  also  given  in  Table  1  2. 


The  data  in  Table  I  2  confirms  that  both  the  case  depth  aims  noted  earlier,  as  well  as  the  desired  case  hardness 
and  inicrosti  ucture  specifications,  would  be  met  in  the  cone  shafts  alter  the  0  01  8-inch  gi  ind  allowance  was 
applied.  All  undesirable  case  microstruclure  components,  such  as  network  carbides,  would  be  lemoved  at  a 
depth  of  approximately  0.01  3  to  0.01  5  inch,  which  is  within  grinding  stock  limits. 

All  nine  lest  shaf  ts  were  completed  by  the  American  Lohmann  Company  per  the  iei|uiiements  of  I  iguie  -1 1 . 

I  he  nine  shahs  were  then  shipped  to  the  limken  Company  for  the  final  grind  operation  on  the  two  cone 
journals.  After  final  grinding,  the  integral  race  of  each  test  shaft  was  traced  to  check  angle,  contoui,  and 
surface  finish.  An  example  of  the  traces  from  shaft  no.  78--E  which  was  used  in  test  setup  5,  is  shown  in 
Figure  50. 
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500  X 


0  010  INCH  - ►Of  PTH - *-  0  020  INCH 

Figure  4X.  C  ase  Microstructure  of  V  \St  0  X2  Specimen  Showing  I  \  pical  (  nrl'ide 

Dislriluilion  at  What  N1a\  He  Working  Surface  of  the  (  one  Shaft  After  (hind 


10"  MCI  ITCH  500 X 

Figure  49  (  ore  Microstruclure  of  V  \S(  <)  X2  Specimen  at  Depths  ( .renter  I  lian  II  I  20 
Inch  From  the  Surfaces 
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Fissure  50  Raw  (races  From  Both  Fiuts  of  Test  Shaf  t  Before  Test 


Magnetic  Seal 


The  magnetic  seals  used  in  this  test  program  were  furnished  hy  the  Boeing  Vertol  Company  to  the  Timken 
Company  for  test.  The  magnetic  seal  design  was  conducted  by  the  Boeing  Vertol  Company  and  the  Magnetic 
Seal  Corporation  of  West  Barrington,  Rhode  Island.  I  he  seal  design  was  based  upon  the  requirements  of  the 
advanced-concept  input  pinion  assemble  which  is  shown  in  I  igme  5'h  I  he  design  configuration  ot  the 
magnetic  seal  is  shown  in  Figure  51.  The  only  difference  between  this  magnetic  seal  and  that  of  a  pro- 
dliction  seal  is  the  use  of  an  adaploi  between  the  seal  and  the  test  rig  end  cap.  This  adapter  is  an 
insulator  which  is  requited  it  the  seal  is  placed  in  a  magnetic  housing.  In  pioduction.  tiansmission  housings 
will  he  either  magnesium  or  an  advanced-composite  material,  neither  of  which  will  requite  this  adaploi. 


Provisions  were  made  on  the  drive  end  (Figure  52)  of  the  test  shaft  to  evaluate  the  magnetic  seal  under  con¬ 
ditions  simulating  an  input  pinion  application.  The  magnetic  seal  assembly  consists  of  two  basic  components; 

1.  A  magnetized  ring  having  an  optically  flat  sealing  surface  fixed  in  a  housing 

2.  A  rotating  ring  with  a  carbon  insert  sealing  surface. 

The  rotating  member  is  fabricated  from  a  magnetic  stainless  steel  and  floats  axially  along  the  shaf  t.  The  sealing 
surfaces  of  the  stationary  and  rotating  components  are  held  together  by  a  uniform  magnetic  force,  dealing  a 
positive  seal  with  minimum  friction  between  sealing  faces  and  propel  alignment  ot  surfaces  through  equal 
distribution  ot  pressure. 

Magnetic  seals  have  the  potential  of  operating  tor  thousands  of  hours  without  excessive  vveat .  1  he  weai  late 
can  vary  widely  with  different  operating  conditions.  The  performance  ot  a  magnetic  seal  is  laigcly  dependent 
upon  face  load,  surface  speed,  temperature  at  the  seal  interface,  and  the  coefficient  ot  bil  lion;  seal  peiloim- 
uncc  will  be  evaluated  as  part  of  the  tapered-roller  bearing  test  program. 

In  order  to  keep  the  two  lapped  sealing  surfaces  ol  a  magnetic  seal  closed  during  the  absence  of  hy  draulic 
pressure,  it  is  necessary  to  provide  some  form  of  mechanical  load.  Magnetic  force  is  used  which  provides  a 
reliable  and  uniform  method  of  providing  the  specific  face  load  necessary  to  insure  a  positive  seal. 

Unlike  spring-loaded  seals,  magnetic  seals  operate  at  the  specific  face  load  for  which  they  are  designed  with  no 
variables  under  normal  operating  conditions.  Manufactui  ing  tolerances  and  slac  kup  which  cause  vai  iations  in 
spring  deflection  and  load  no  longer  have  to  be  considered.  The  magnetic  seal  is  self-positioning  on  the  shall 
and  its  lace  load  is  unaffected  by  the  shaft-housing  relationship.  For  this  reason  the  seal  can  be  designed  with 
the  minimum  amount  ol  face  load,  usually  about  0.5  to  0.75  of  the  value  ol  spring-loaded  seals. 

I  he  single  most  critical  dimension  of  a  face-type  magnetic  seal  is  the  degree  of  flatness  ot  its  sealing  sui  laces 
oi  laces.  I  latness  is  defined  as  the* distance  between  two  parallel  planes  which  entirely  contain  the  surface  ol 
a  seat  face.  Magnetic  Seal  Corporation's  standard  manufacturing  tolerances  call  foi  seal  faces  to  he  lapped  ll.it 
within  two  helium  'ight  bands  (23.2  millionths  of  an  inch).  Ibis  measurement  is  made  In  the  use  ol  a 
monochromatic  light  and  an  optical  Hat.  Monochromatic  light  is  light  in  which  one  wave  length  predominates. 
An  optical  Hat  isall.it,  transparent  test  surface  having  no  magnify  rug  powei . 

When  a  senes  ot  hands  occins  between  two  nearly  flat  surfaces,  there  is  a  wedge  ol  an  between  them.  I  In- 
slope  ol  the  wedge  is  at  r  ight  angles  to  the  hands.  I  he  hands  locate  steps  ol  lit)  millionths  ol  an  inch  vet  Inal 
distance  tiom  the  surface  being  tested  to  the  opt  ic.il  Hat  when  a  helium  monochiom.tln  light  is  used 
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Bands  occui  because  light  lellec'tions  Horn  t ho  two  surfaces  which  foim  the  aii  wedge  eilhc-i  inter  fere  with  or 
icinlotce  each  othei ,  accot  dins:  to  the  thickness  ol  the  aii  wedge.  I  titer lei  cnee  ol  two  i  et  lec  t  •  ■;  is  causes  J.n  t 
ness  and  occuis  where  the  aii  wedge  thickness  is  cxactlv  one-halt  the  wave  length  hn  multiples1  .1  the  he.h: 
used.  Paiallel  dark  hands  thus  tour,  up  and  down  the  slope  ol  the  ait  wedge  at  /ones  whcie  the  wedge  ilu.*- 
ness  changes  hv  one  halt  wavelength.  Hallway  helween  each  pail  ol  dat  k  hands  a  leinlot  cement  po-du- ,  -  ■ 
blight  hand.  When  viewed  perpendicularly  in  helium  light,  the  clar  k  hands  ate  located  when-  tin  vv  hv 
thickness  changes  hv  evtual  inleivals  ol  0.00001  lb  inch. 

Because  ol  this  high  degree  ol  llalncss  maintained  in  the  seal  laces,  magnetic  seals  will  cieam  ,n.  -  tie,  to, 
positive  seal  upon  installation  either  stalicallv  01  rotating.  Mo  run-in  lime  is  needed  t> .  mate  h  ,  -e.dmg  sui 
laces.  1 1  should  also  he  pointed  out  that  a  magnetic  seal  is  freely  mounted  on  elastomet s  arid  ,  n.ii  Mil'aii  d 
to  anv  external  lotces.  such  as  pi  ess  tits  01  clamping.  I  liese  cxtei  nal  lotccs  can  distm  t  and  do-iiiiv  tlichgh 
degree  ol  Harness  mentioned  previously. 

Hie  magnetic  ting  used  in  this  seal  is  lahricaled  tiom  cast  Alnico  V.  Alnico  V'  is  a  hard,  crystalline,  ptecipiia- 
tion-haidencd  allov  which  is  made  In  conventional  foundry  technic|ues  and  specialized  heat  treatments  lie 
heat  1 1  eat  merit  consists  ,  >t  healing  the  allov  to  1 ,30P°C  and  holding  that  tempei  ature  until  a  It,  nnogeni  zed 
stuictuie  is  achieved.  I  hr  is  lollovved  In  a  contiollcd  cooling  where  a  suhmittoscopic  phase  :s  precipitated. 

1  he  allov  is  then  i cheated  to  t>00°(  and  held  lot  a  pet iud  ol  time.  This  stage  is  called  aging  and  increases  the 
coercive  force  and  eneigv  piodnct  In  loiminga  second  suhmicroscopic  phase. 

I  ligli  magnetic  energy  is  ohtained  hv  apple  ing  a  magnetic  Held  to  the  magnet  rim  dining  cooling.  I  his  causes 
the  pi  capitate  to  align  in  the  direction  ol  the  applied  field,  resulting  in  sponger  magnetic'  piopcttics  in  that 
direction.  -Ml  Alnico  V  magnet  r  iilgs  ate  dii  cctionali/ed  ot  magneticallv  oriented  in  this  mantlet  to  obtain 
maximum  uniform  magnetic  enetgv. 

I'he  success  of  anv  magnetic  seal  depends  on  the  abilitv  ol  the  magnet  to  supply  a  constant  amount  ot  pull 
ot  I  lux  through  the  ait  gap  in  anv  env  it  on  merit  to  which  the  seal  is  subjected.  Once  magnetized,  the  i  lux 
produced  In  the  magnet  will  remain  constant  unit —  external  eneigv  is  applied  to  change  the  balance  ot  the 
internal  eneigics. 

Tight  magnetic  seal  assemblies  wete  m.iiniiacUned  In  the  Magnetic  Seal  Corporation  to  the  specilicat ion  detined 
in  I  igute  s|.  A  new  magnetic  seal  was  used  lot  each  ol  the  eight  lest  setups.  A  passage  was  piovided  to  the 
outside  ol  the  test  housing  to  collect  anv  lubricating  oil  leakage  that  might  occur  duiingtcst.  Also,  each  seal 
was  accurately  weighed  and  dimensioned  before  and  altei  test  to  determine  went  rates. 

Luhr  icant 

The  lubricant  used  throughout  this  test  program  was  a  i| u.il i t iecl  Mil.  L-2T690  specification.  As  the  testing 
was  being  conducted,  samples  wete  moniloieil  lor  changes  in  piopcttics.  Piimaiv  emphasis  was  given  to  the 
neutralization  numhei  lac  id  number  I,  I  he  i  ate  ot  inc tease  in  the  nett tr  aii /.it ion  is  an  itulic.it  i,  ,n  ol  the  ilete:  iota 
lion  (oxidation)  ol  the  oil  I  able  I  l  -hows  the  pi oper  lies  ol  new  oil. 

I  he  initial  test  r  ig  oil  till  was  used  tor  test  numhei  s  I  thr  ough  h.  I  he  oil  pump  hour  met,  r  r  egi-tci  ed  appr  oxi 
match  Ihl)  bouts  dm  ing  this  tune.  At  the  conclusion  o I  test  numhei  (>,  tile  entire  luhi  ic  alion  sv  stem  was 
thoroughly  cleaned  and  refilled  in  pi  cpai  a  lion  lor  tost  numhei  8,  the  etldutaiice  test.  Ibis  second  til!  "I  or!  w  a- 
used  tor  test  numhei  ’  and  the  emlur  anv  e  lest  1  oi  a  total  of  500  hours  on  the  pump  h>  >n;  meter 
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I  ABl  I!  H.  LUBRICANT  PROPLRIIFS 


L.uht  leant 

V  i'vCuMH  (C St  r 

at  40°t:  at  lOU'-’C 

Visct>*ii\ 

Index 

pH 

Ac  i  d 

No. 

Color 

MIL-L-23bl>v) 

25.38  4.M9 

124 

8.1 

0.08 

3.5 

I  lu'  components  icquitcd  u>  make  up  each  lest  assembly  are  shown  in  Figure  53.  Facli  assembly  requires  two 
test  healings,  one  lest  shaft,  one  magnetic  seal,  and  two  slave  healings,  tacit  ol  eight  test  assemblies  used  new 
components  except  tot  the  slave  heatings,  which  were  replaced  onlv  as  tequired. 

l  l.S  I  RIG  DF SIC, N 

lo  conduct  these  tests  under  simulated  operating  conditions  in  oidei  to  evaluate  the  perl  01  mange  sit  the 
libhed-cup  lapered-iollei  heatings  anil  magnetic  seal,  a  test  rig  was  designed  around  a  rig  which  was  originaliv 
developed  tot  the  I  III  I  AH  high-speed  tapeied-i  ollet  heat  ings.  I  his  work  was  originally  conducted  uttilet 
USA.AMRDI.  Con  tract  DA  A|OI -71  -C-0S40(P40)  and  documented  in  Reference  3. 

figure  54  is  an  ovetall  view  ot  the  test  rig  and  control  panel.  I  he  test  tig  was  driven  bv  a  100-hp  dc  v.iii.ihlc- 
specd  elec  It  ie  motor  helled  to  a  9: 1  speed  incicaser.  litis  svstem  provided  the  capability  ol  running  the  lest 
hearings  lo  a  maximum  speed  ol  14,000  t pm. 

A  new  test  head  was  designed  which  allowed  the  testing  ol  two  bearings  on  a  simulated  spital  bevel  input 
pinion  gear.  A  eioss-seetion.il  view  of  the  test  head  is  shown  in  Figure  55.  The  uitangenient  shown  in  the 
ligate  was  used  tor  most  ol  the  development  tests  and  lot  the  endutance  test. 

Beat  ing  loading  was  applied  In  dr aulically  to  the  pins  on  the  slave  beat  ing  cup  housing  as  shown  in  Figut  e  56. 

Flic  pills  were  located  below  the  shot  t  ceiitei  line  and  the  cy  lindct  was  inclined  at  an  angle  ot  22  degrees  to 
ptoduee  tadial,  thrust,  and  moment  loading  on  the  test  shall  simulating  loads  ptoduced  by  a  bevel  geat  mesh. 

I  he  2 5, 000- pound  sv  stem  included  a  spool- tv  pe  load  cell  lot  moni toting  applied  loads.  Figure  57  shows  the 
test  housing  and  In  diaulic  loading  system. 

I  or  one  ol  the  development  tests  (nunihet  6)  and  all  ol  the  oil-oil  survivability  testing,  a  modified  lest  head 
arrangement  was  used.  This  new  airangement  involved  the  removal  ol  the  slave  hearings  and  iiy  draulic  loading 
device  and  installation  c.f  various  Belleville  sptings  for  applying  only  thrust  loads.  1  his  test  airangement  is  shown 
in  Figure  58.  Ibis  change  was  made  in  otdet  to  teduee  the  effects  ol  the  slave  hearing  heal  genetalion  on  the 
final  test  results. 

I.uhi  icant  lor  all  tests  was  supplied  to  the  test  heat  ings  entirely  thiough  the  shall  centet  1  he  flow  was 
meteied  by  a  stationary  tube  projecting  into  the  shall  inside  diamctci.  This  tube  also  provided  the  slave  heat¬ 
ing  i  one  rib  oil  supply.  F  he  otil  ice  di  a  me  lets  weie  si/cd  analv  tic  ally ,  then  vet  ilied  expc i  men  tally  pilot  to 
assemhlv .  The  small-Jiametei  ends  1 1  the  slave  heat  ings  wet  e  luht  it  a  ted  In  lets  located  between  the  hearing 
tows.  I  he  I  low  t  a tes  to  both  sources  wet  e  monitored  by  turhine-ty  pe  Mow  meters.  1  he  lube  s\  stem  was 
equipped  with  a  Ileal  exchungei  and  sump  heatei  to  contiol  oil  inlet  temperatui es. 


I  est  pat . i meters  t  eeouleil  ini  killed  test  heat  ing  eup  .  nl.  seal  ease  od,  oil  inlet,  oil  outlet ,  and  housing  tempci  a- 
Uir i-s ;  oil  llow  tales;  shall  speed;  anil  hydiaulii  eylindei  load. 


Figure  55.  Test  Arrangement  tor  Applying  Simulated  Bevel  Gear  Loading. 


Figure  56.  Test  Loadiim. 
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Ilk'  following  test  procedure  was  used  duiing  most  ot  this  program.  As  testing  progressed,  several  changes 
vveie  made  to  the  test  procedure  in  ordei  to  obtain  desired  information  or  to  evaluate  other  parameters.  Ihese 
changes  are  discussed  in  more  detail  in  the  next  section  concerning  tests  results.  A  test  matrix  indicating  the 
vai  ious  parameters  to  he  investigated  during  the  initial  eight  tests  is  shown  in  Table  14.  The  first  seven  tests 
were  conducted  to  evaluate  and  optimize  the  operating  parameters  to  he  used  in  test  number  8,  which  was  a 
limited  enduiance  test.  Hie  parameters  investigated  were  oil  flow  rates,  oil  inlet  temperature,  speed,  load, 
preload  requirements  and  floating  cup  lits,  and  How  rate  requirements. 

A  test  assemble  consisted  ol  two  new  test  hearings,  two  slave  hearings,  one  new  inner-race  test  shall,  and  a 
new  magnetic  seal.  1  he  slave  hearings  weie  replaced  only  as  needed.  For  test  number  6  and  all  oil-otl  tests, 
slave  bearings  were  not  installed. 

Prim  to  assembling  and  testing,  each  hear  ing  component  was  closely  inspected  to  insure  uniform  quality .  I  he 
objective  was  to  minimize  hearing  component  influences  on  operating  characteristics. 

Beloie  installation  and  test,  both  the  magnetic  ting  and  the  seal  case/caihon  inseit  were  ultrasoniculls  cleaned 
and  weighed.  I  or  the  first  two  test  setups  the  seal  parts  were  weighed  and  measured  each  t  me  the  setup  was 
disassembled  lor  inspection.  Since  no  appreciable  weight  or  width  loss  was  measured,  the  seal  parts  were 
weighed  only  at  the  beginning  and  end  ol  tests  3  lhiough  8. 

I  lie  test  hearings  were  designed  lor  an  t.-IO  life  crifei  ion  ol  900  hours  catalog  rating  at  7,1 96  r  pm  at  cubic 
mean  loading  with  no  material  factors  included.  I  he  cubic  mean  load  tor  this  application  represented  approxi¬ 
mately  7  3.5  percent  of  the  twin-engine  (I  LI  rating  ot  l  ,401  hp  pet  input  pinion  ot  an  advanced-concept 
transmission.  Because  the  input  pinion  arrangement  ol  an  advanced-concept  transmission  could  not  he 
exactly  duplicated  in  this  test  piogiam,  it  was  decided  that  the  parameters  loi  the  most  cr  itical  bearing  (heel 
location)  should  be  maintained  and  the  loads  on  the  toe  hearing  would  vary  as  required  to  maintain  the  propei 
loading  on  tile  heel  hearing.  Given  the  hearing  spacing  in  tile  test  lig  application  and  given  that  both  the  heel 
and  toe  position  would  use  identical  size  hearings,  a  load  schedule  was  developed  to  achieve  a  radial  load  ol 
4,  sS7  pounds  on  the  heel  hear  ing.  I  his  load  was  i  minded  nil  to  3.600  pounds  and  idenlil  ied  as  the  cubic 
mean  load.  By  simplifying  the  radial  loads,  the  follow  ing  lest  scheme  was  used:  75  percent  or  3,600  pounds 
(cubic  mean  5  1,050  tip),  100  percent  oi  4,800  pounds  (|  win  engine  *  1 ,400  hp),  and  I  I  2.5  percenl  cn  \400 
pi  minis  (single  engine  ^  1 ,37  s  hp).  A  summary  ot  loading  conditions  lor  the  heel  and  toe  beat  mgs  is  shown  in 
lahle  IS.  The  slave  bearings  had  simil.it  loads. 

At  the  start  ol  each  test,  the  speed  and  load  cycle  shown  in  lahle  16  was  used:  therefore  all  beai ing  assemblies 
were  subjected  to  the  same  initial  load  cycle.  Upon  completion  ol  this  cycle,  loads  and  speeds  were  vaiied  as 
icqniicd  to  complete  the  planned  test  matrix  shown  in  lahle  14. 

I  he  I  irsi  t  wt i  tests  wete  star  ted  at  1 ,000  r  pm  and  2,000  pounds  cy  tinder  load  as  a  shakedow  n  pioceduic.  I  lu- 
tests  tlr.it  weie  inn  at  liighci  speeds  weic  increased  in  2,2O0rpm  increments  (‘i.bOO;  I  1,800;  14,000  ipml  with 
tile  same  lour  load  levels  as  sin  run  in  lahle  II 


lest  number  0  was  c  undue  ted  umlci  thrust  loading  w  it  bout  the  slave  hear  mgs  I  he  t  vv  <  >  load  lev  els  used  wei  c 
equivalent  axial  thrust  loads;  that  is,  3,06-1  pounds  thrust  would  produce  equivalent  heat  geneialn  n  as  Ml 
pel  cent  ol  twin  engine  loading  and  <>,4  I  >S  pounds  till  list  would  simulate  I  00  pel  cent  single  engine  !■  Meting 


MATRIX 


Sin-j 


fABLL  15.  LOADINt,  CONDI  1  IONS 


Lngine 

Operation 

Pei  c  ent 

C  v  lindet 
(lh) 

Shalt 

Moment 
(in. -lb) 

A  1  leel 

B 

loc 

Radial 

(lb) 

Ihiust 

(lb) 

Radial 

(lb) 

Pi  o lo.ul  * 

(H>) 

Cubic  mean  load 

7  S 

7,807 

4,830 

3,600 

3,0 1  y 

3,600 

2,1  1  5 

1  w  in  elliptic 

100 

10,410 

6,442 

4.800 

4,026 

4,800 

2, 1  1  5 

Single  engine 

112.5 

1  1,710 

7.24(> 

5,400 

4,529 

5,400 

2, 1  1  5 

'Pteluad  equals  100  portent  ol  iiulutcil  I  In  ust  due  to  i  .uliat  lo.ul  .it  -.initio  engine. 


FAULK  l(>.  SPI  L  1)5  AND  LOADS 


Shall  Speed 

(A  lindet  Lead 

Appioximate  Duration 

(t  pm) 

(lb) 

(hi) 

3,700 

5.205 

1.5 

3,700 

7,810 

1.5 

3,700 

10,410 

1.5 

3,700 

11,710 

1.5 

s,550 

5,205 

1.5 

5,550 

7.810 

1.5 

5,  550 

10,410 

1.5 

5,  5  50 

1 1,710 

1.5 

7,400 

5,205 

1.5 

7,400 

7,810 

1.5 

7,400 

10,410 

1.5 

7, -100 

1 1,710 

1.5 

I  olloumi;  each  tost  .ill  beat  ini;  components  wore  It. iced  and  phologi .iphoil. 
11.51  l\  I  SI  'I  IS 


A  siimm.it  v  ol  lost  p.ii.tmotois  toi  the  development  tests  (numbci  I  tluoui;h  7)  and  endut  ante  tost  (numlvt  5!  is 
shown  in  l.thlo  17.  Appendix  B  intliules  ,t  compilation  ol  test  J.ti.i  consisting  ol  IniiLlup  sheets  lot  e.tcli  test 
assemble  .  a  list  ol  data  points  at  each  speed  and  load  level  at  tin  t  mal  stabilitv  .  and  photogi.tphs  show  ini;  the 
altei  test  condition  of  each  beating  component. 

A  siinun.it  \  ol  the  t  esnl  is  and  test  pat  a  me  let  sol  the  sis  oil  oil  tests  coitditc  ted  with  o  -mp  often  Is  1 1  om  the 
developnienl  tests  mentioned  above  is  shown  in  I  able  15.  Data  sets  consisting  ol  buildup  sheets,  compute  t 
pi  i  ill  outs  ol  me  asm  ed  and  calculated  lest  icsiilts,  gt.iphie  ptesent.  It  toils  ol  results,  an.  I  post  test  ph.  ilogiaphs 
ot  be  a  t  me  c  -  unp.  men  is  used  in  this  test  punt  am  ate  included  in  Appendix  C 


I  olio  w  ini;  is  a  hi  tel  disc  i  iplion  o|  e.n  h  ot  the  test  s  c  -  aid  tic  Ice. 


Development  Test  No.  I 

Test  I  was  initially  star  toil  at  1 ,000  rpm  and  2,000  pounds  cy  lindei  load  to  choc  k  tho  i  ig  and  opoi  atinn  ol  al 
components.  Attei  several  hours  ol  operation  at  these  conditions,  the  test  head  was  disassembled  and  all 
components  were  inspected.  All  components  were  salis'actory  and  they  were  reassembled  and  the  test  was 
continued. 

I  he  Belleville  spring  lor  this  first  test  was  set  to  provide  2, 1  I  5  pounds  preload  on  the  opposite -dr  iv  e-end  1 1  dat¬ 
ing  cup.  I’he  oil  How  rate  to  each  test  hearing  was  lour  pints  per  minute.  The  oil  How  rate  to  each  slave- 
hearing  was  eight  pints  per  minute,  equally  divided  to  both  ends  ol  the  healing.  The  opposite  diiv e-end  iloalim 
cup  od  tit  was  0.0035  inch  loose  and  the  oil  flow  rate  to  the  floating  cup  od  ranged  horn  3. 1  to  6.8  pints  per 
minute,  increasing  as  the  oil  inlet  temperature  increased.  1  he  slave  hearings  vvei e  assembled  with  a  0.001  7  inch 
end  play  setting.  Data  points  were  recorded  at  lour  shaft  speeds  from  1,000  to  7,400  ipm  and  live  loads  horn 
2,000  toll  ,700  pounds. 

Alter  14  hours  of  testing,  inspection  of  test  components  revealed  that  one  ol  the  rollers  horn  the  drive-end 
test  hearing  developed  a  circumferential  groove  oil  the  roller  body  toward  the  large  end  as  shosvn  in  figure  59. 
The  groove  was  approximately  0.004-inch  deep  by  0.012-inch  wide.  Further  inspection  tound  a  chip  missing 
Irom  the  carbon  insert  ol  the  magnetic  seal  as  shown  in  Figure  60.  The  hardness  ol  the  cat  boil  insert  mater  ial 
was  reported  to  he  58  to  65  Rc.  It  was  thought  that  the  chip  became  imbedded  in  the  cage  bridge  and  pro¬ 
duced  the  groove.  All  components  completed  a  total  ol  37.6  hours  of  testing  with  no  additional  damage  m 
distress.  All  test  data  and  photographs  ol  components  are  contained  in  Appendix  B. 

Development  Test  No.  2 

Test  2  was  run  at  speeds  of  1 ,000  i  pm  to  1 1,800  rpm  and  machine  c  y  finder  loads  I  row  2,000  to  I  1 ,7  00 
pounds.  Ihe  oppositc-drive-cnd  floating  cup  od  clearance  was  0.0031  inch  loose.  I  he  oil  How  tale  to  the 
floating  cup  was  Irom  zero  to  6.4  pints  pet  minute.  The  slave  bearings  were  assembled  with  0.0023  inch  end 
plav.  The  load-up  cycle  was  repeated  for  two  oil  flow  rates. 

flu-re  were  three  teai downs  lor  inspection  during  the  58-hour  test.  The  final  tun  was  to  achieve  maximum 
speed  ( 1 4,000  rpm)  operation  in  order  to  check  the  rig.  The  test  was  I  inaiiy  terminated  dm  ing  a  run  at  I  1 ,800 
rpm  due  to  slight  sculling  damage  on  one  slave  hearing.  Inspection  of  the  slave  hearings  indicated  that  loss  ol 
shall  hole  interference  lit  of  the  hearing  due  to  inertial  loading  and  temperature  allowed  the  slave  hearing 
cone  to  move  axially  and  hi  oak  the  capscrews  that  secure  the  cone  clamping  r  ing  as  shown  in  Tigutc  61.  lo 
collect  this  condition  for  the  remainder  of  tire  tests,  the  hores  ol  the  slave  hearings  were  chrome-plated  to  give 
a  tighter  interference  fit.  The  opposite-drive-end  slave  hearing  which  was  damaged  was  replaced.  All  other 
test  components  completed  this  series  ol  tests  without  damage  oi  distress. 

Development  lest  Number  3 

lest  T  was  also  started  at  1 ,000  i  pm  ami  2,000  pounds  machine  cy  lindei  load.  Within  two  horns,  test  coruli 
lioits  were  increased  to  I  1 ,800  r  pm  and  7,81  II  pounds  cv  lindei  load.  Alter  I  5  minutes  ol  opei  a  lion  at  this 
condition,  a  noise  indicated  heating  damage  and  the  lest  was  terminated.  Inspection  revealed  that  the 
opposite  dr  ive  end  slave  hear  mg  again  sustained  skidding  damage.  I  he  load  /one  on  the  damaged  lu  a:  me;  clip 
was  not  continuous  as  shown  in  I  iguie  b.f  It  is  a-  app.tr  on  I  that  Ihe  t  wo-poinl  loading  on  the  sljs  e  hear  ing  slip 
ail  opt  ci  was  deforming  Ihe  outer  i.ue  I  he  remainder  ol  lesl  t  Iodised  on  solving  the  problems  eiicnunieieil 
with  the  slave  hear  rugs. 
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OPPOSITE-DRIVE  END  SLAVE  BEARING  SEAT  ON  SHAFT 


END  CAP  AND  BROKEN  BOLTS  FROM  SLAVE  BEARING 

HIGHEST  SPEED  =  11,800  RPM 
HIGHEST  LOAD  =  7,800  LB 

Figure  61 .  Results  of  Test  Setup  No.  2  With  All  Eight  Bolts  Breaking  and  Bearing  Backing 
Off  0.125  Inch. 
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Several  tests  were  conducted  to  determine  the  effect  of  housing  deformation  on  slave  bearing  load  zones.  The 
cups  of  the  two  slave  bearings  were  blued  and  installed  into  the  test  rig.  These  bearings  were  operated  for  three 
hours  under  load.  After  running,  the  cups  were  inspected  to  determine  their  load  zones  as  shown  in  Figure  63. 
These  inspections  revealed  that  local  distortions  at  the  load  pin  locations  and  partial  loading  have  contributed 
to  the  slave  bearing  problems. 

The  proposed  solutions  consisted  of  fabricating  a  new  center  cup  housing  with  smaller  O-ring  grooves  and  ad¬ 
ditional  material  and  changing  the  bearing  settings  to  zero  to  0.0005-inch  preload.  These  fixes  were  confirmed 
by  a  series  of  analytical,  bench,  and  rig  tests  (Figure  64).  The  analytical  study  showed  that  at  operating 
temperatures,  bearing  setting  was  the  same  as  initial  bench  setting.  This  was  experimentally  confirmed  by 
heating  the  shaft  subassembly  in  an  oven.  The  total  test  time  accumulated  under  all  conditions  was  82.25 
hours. 

Inspection  of  all  test  components  after  test  revealed  no  damage  or  distress.  All  objectives  ol  the  first  three 
tests  were  achieved  despite  several  problems  experienced  with  the  slave  bearings.  The  modifications  incorporated 
at  the  end  of  test  number  three  resulted  in  an  end  to  all  slave  bearing-originated  problems. 

Development  Test  Number  4 

This  test  was  conducted  to  evaluate  the  bearing  operating  characteristics  under  reduced  oil  flows.  The  test  was 
run  through  two  speed  and  load  cycles.  Oil  flow  rates  were  reduced  to  1.0  and  0.5  pint  per  minute.  Ad¬ 
ditionally,  the  slave  bearing  cups  were  nital-etched  to  confirm  the  fixes  adopted  in  the  previous  test.  Posttest 
inspection  showed  significant  improvement  in  the  contact  patterns.  Total  elapsed  time  of  this  series  of  tests 
was  54.75  hours. 

This  test  was  successfully  completed  without  any  problems  with  the  slave  beatings.  This  test  verified  that  the 
corrections  made  during  test  3  eliminated  scuffing  damage  to  the  slave  bearings.  All  components  inspected 
after  test  revealed  no  damage  or  distress. 

Development  Test  Number  5 


Test  5  was  the  first  successful  run  through  the  maximum  speed  and  load.  The  first  phase  was  run  to  single¬ 
engine  load  at  7,400  rpm.  The  test  components  and  slave  bearings  were  inspected  and  found  to  be  in  excellent 
condition.  Slave  bearing  setting  had  changed  from  zero  to  0.0006-inch  end  play  after  this  lest.  The  cone 
spacer  was  reground  to  yield  0.0004-inch  preload.  Subsequent  inspections  were  made  after  reaching  maximum 
load  and  speeds  of  9,600,  1 1,800,  and  14,000  rpm;  all  components  were  in  excellent  condition.  Total  lest 
time  was  61.5  hours. 

After  completion  of  each  test,  the  test  shaft  races,  cup  races,  and  cup  rib  face  were  traced  and  the  results 
compared  to  traces  recorded  prior  to  testing.  Figures  44,  45,  and  50  showed  the  traces  of  the  shaft  anti  test 
bearings  used  in  test  5  before  test.  Figures  65  and  66  show  the  traces  of  the  cup  race  and  rib  face  of  both  test 
bearings  after  test  and  Figure  67  shows  the  traces  of  both  races  of  the  test  shaft  after  test.  Review  of  the 
before-and-after  traces  shows  very  little  change  on  the  operating  surfaces  of  the  test  components. 

Development  Test  Number  6 


All  testing  prior  to  this  test  was  conducted  with  both  the  lest  bearings  and  slave  bearings.  Due  to  the  mixing 
of  the  outlet  oil,  it  was  impossible  to  determine  the  exact  heat  generation  of  the  test  bearings.  A  review  ol 
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TOP 


NOTES:  1.  TEST  RUN  AT  1,000  RPM 

2.  7,810-LB  LOAD  FOR  3  HOURS 

3.  CUPS  WERE  PLUG-BLUED  WITH  AND  WITHOUT 
LOAD  PINS  WITH  NO  SIGNIFICANT  DIFFERENCE 


63.  Load  Zone  Test  on  Slave  Bearings  With  Initial  Housing  Design. 
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1.  HEAVIER  CUP  ADAPTER 

2.  TEST  RUN  AT  1,000  RPM 

3.  7,810-LB  LOAD  FOR  4  HOURS  TOp 


Figure  64.  Load  Zone  Test  on  Slave  Bearings  After  Housing  Modification. 
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2.  SEE  FIGURE  44  FOR  DATA  BEFORE  TEST. 
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Figure  65.  Profile  Trace  of  Drive-End  Cup  Race  After  Test  Setup  No.  5 
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NOTES:  1.  TRACES  TAKEN  ON  ANGLE  OF 

21°  33’ 30” 

2  SEE  FIGURE  45  FOR  DATA  BEFORE  TEST 


Figure  66.  Profile  Trace  of  Cup  Rib  Face  After  Test  Setup  No.  5 


fest  Setup  No. 


the  lest  anangement  indicated  that  the  slave  bearings  could  be  removed  h  orn  the  system  and  the  test  bearings 
operated  under  thrust  load  only.  In  order  to  achieve  similar  heat-generation  characteristics,  the  combined  load 
conditions  were  converted  to  an  equivalent  thrust  load  as  shown  in  Table  19.  A  thrust  of  6,418  pounds  would 
be  equivalent  to  single-engine  loads.  Therefore  a  new  set  of  Belleville  springs  was  fabricated  to  achieve  equiva¬ 
lent  single-engine  and  50-percent  twin-engine  loads.  After  fabrication,  a  calibration  check  was  made  on  the  new 
set  of  springs  to  verify  the  applied  loads.  The  load/deflection  data  for  these  spiings  is  shown  in  Table  20. 


TABLE  19.  EQUIVALENT  THRUST  LOAD  ON  DRIVE-END  TEST  BEARING 


Normal  Loads 

Load 

Condition 

Thrust 
!  (lb) 

Radial 

(lb) 

Preload 

Spring 

Ob) 

Equivalent  Thrust  Load, 
FEQ0b) 

Cubic  Mean 
(CM) 

3,019 

3,600 

2,115 

4,993 

Twin-Engine 

Rating 

(TE) 

4,026 

4,800 

2,115 

5,938 

Single-Engine 

Rating 

(SE) 

4,529 

5,400 

2,115 

6,418 

♦Equivalent  thrust  load  obtained  to  produce  the  same  heat  generation  as  the  combined  thrust 
and  radial  load;  method  used  defined  in  Reference  5 

5.  TIMKEN  ENGINEERING  |OURNAL,  Section  1,  Timken  Company,  Canton,  Ohio,  1973. 

Test  6  was  assembled  to  run  under  thrust  load  only,  i.e.,  the  slave  bearings  were  removed  for  this  test.  The 
operating  characteristics  were  monitored  under  three  oil  flow  rates:  8,  4,  and  1  pint  per  minute  per  bearing. 
The  test  was  run  at  six  speeds  from  3,700  to  14,000  rpm  under  thrust  loads  of  2,964  and  6,418  pounds.  At 
an  oil  flow  rate  of  1  pint  per  minute  per  bearing,  the  oil  outlet  temperature  was  367°F.  At  this  lime,  portions 
of  the  lubrication  system  were  piped  with  copper  tubing.  Due  to  the  possibility  that  the  lubricant  would 
react  with  it,  no  additional  testing  was  attempted  beyond  this  data  point  at  1 1 ,800  rpm. 

The  results  of  the  test  at  6,418  pounds  of  thrust  load  are  summarised  in  Figure  68.  This  curve  provides  infor¬ 
mation  concerning  the  amount  of  heat  removed  from  the  bearing  at  various  speed  and  oil  flow  rates.  All 
components  successfully  completed  this  test  program  which  accumulated  a  total  of  101.25  hours. 

The  magnetic  seals  used  in  this  and  previous  tests  have  not  experienced  any  significant  leakage,  wear,  or  weight 
loss.  For  this  test  at  an  oil  flow  rate  of  I  pint  per  minute  per  bearing,  the  maximum  temperature  of  the  seal 
reached  323°F  at  1 1 ,800  rpm.  Even  at  this  condition,  no  weight  loss  oi  wear  was  noted  upon  completion  of 
the  test. 

Development  Test  Number  7 


Ibis  test  was  conducted  to  evaluate  the  effects  of  a  300°F  oil  inlet  temperatuie.  This  test  was  operated  for 
one  speed  and  load  cycle  through  14,000  rpm.  At  speeds  below  5,550  rpm  and  test  loads  below  10,410 
pounds,  the  300llF  inlet  oil  temperature  could  not  be  generated.  A  total  of  67.5  flouts  was  accumulated  on 
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TABLE  20.  BELLEVILLE  SPRING  CALIBRATION 


LOAD,  P 


77777777777777777777777 


SPRING  A 
SPRING  B 


FREE  HEIGHT 
(NO  LOAD) 


SPRING  SET  1 

SPRING  SET  2 

FREE  HEIGHT  0.5171  INCH 

FREE  HEIGHT  0.504  INCH 

Load,  P 

Ob) 

Spring 

Avg  Deflection 

(in.) 

Set  1 

Set  2 

500 

A 

0.014 

0.008 

B 

0.014 

0.008 

1,000 

A 

0.019 

0.013 

B 

0.019 

0.013 

1,500 

A 

0.024 

0.018 

B 

0.024 

0.018 

2,000 

A 

0.029 

0.024 

B 

0.029 

0.024 

2,500 

A 

0.034 

0.030 

B 

0.034 
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Figure  68.  Results  of  Test  Setup  No.  6  With  Thrust  Load  Only. 


this  test.  All  posttest  components  were  in  excellent  condition,  with  the  only  notable  difference  being  the 
lubricant  staining  on  the  test  components. 

Endurance  Test  Number  8 


Upon  completion  of  the  scheduled  seven  development  tests,  an  endurance  test  was  planned  in  order  to  evaluate 
bearing  and  seal  performance  under  extended  operating  conditions.  This  test  was  conducted  under  single-engine 
loading  at  7,400  rpm  and  optimized  parameters  of  oil  flow  and  preload  settings. 

After  operating  a  total  of  24.75  hours  through  three  load  and  speed  cycles,  the  test  components  were  inspected 
and  found  to  be  in  excellent  condition.  After  this  initial  inspection,  the  test  was  continued,  stopping  only  for 
machine  maintenance  as  required.  At  the  end  of  1 5  additional  hours  of  testing,  the  test  components  were  removed 
and  visually  inspected.  All  components  were  in  satisfactory  condition.  Although  this  was  the  end  of  all  scheduled 
testing  for  this  program,  the  test  rig  was  reassembled  and  operated  at  the  endurance  load  condition  for  additional 
times  until  modifications  were  completed  for  conducting  a  series  of  oil-off  tests.  When  testing  was  finally 
terminated,  the  accumulated  test  times  were  379.0  hours  under  single-engine  loading,  7,400  rpm,  and  389.25 
hours  for  all  conditions.  The  calculated  unadjusted  catalog  lives  for  this  condition  were  202  hours  L- 1 0  for  the 
heel  (DE)  and  2,434  hours  L-10  for  the  toe  (ODE)  positions.  All  components  completed  this  test  in  excellent 
condition.  No  damage  or  distress  was  noted  on  the  components. 

Oil-Off  Survivability  Tests 

Six  oil-off  tests  were  conducted  with  tested  components  from  the  original  program.  A  summary  of  results  and 
test  parameters  was  presented  in  Table  18.  A  description  of  component  preparation,  test  procedure,  results, 
and  brief  discussion  of  each  oil-off  test  follows.  Details  of  test  data  and  photographs  of  components  after  test 
are  included  in  Appendix  C. 

Oil-Off  Test  No.  I 

The  test  was  conducted  with  the  bearing  components  from  development  test  6.  The  slave  bearings  were  not 
used  in  any  oil-off  tests.  New  Belleville  springs  were  designed  and  fabricated  to  apply  an  axial  load  of  3,209 
pounds  (50-percent  single-engine  equivalent  load).  The  assembly  of  the  thrust  spring  is  shown  in  Figure  69. 

The  instrumentation  used  for  this  test  was  nearly  the  same  as  used  in  the  primary  program.  Thermocouples 
were  located  on  the  cup  and  seal  case  outside  diameters  and  were  monitored  by  a  multipoint  strip  chart 
recorder.  The  shaft  speed  sensor  output  was  recorded  by  a  continuous  strip  recorder. 

The  test  was  conducted  in  the  following  manner: 

1.  Bearing  and  test  components  were  installed  in  the  test  rig,  then  run  through  a  single  8-hour 
shakedown  run.  Speed  and  load  were  at  test  levels  and  oil  was  supplied  a!  4  pints  per  minute 
per  bearing. 

2.  The  rig  was  disassembled  and  components  were  visually  inspected. 

3.  The  rig  was  reassembled,  then  run  until  temperatures  stabilized  at  the  above-mentioned  conditions. 

4.  The  oil  pump  was  shut  off  (flow  meter  output  verified  zero  flow). 

5.  The  test  was  terminated  when  either  the  drive  belts  between  the  dc  motor  anil  speed  inci easel  slipped 
or  audible  noises  were  emitted  from  the  test  housing. 
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This  first  test  ran  tor  1.4  minutes.  After  tear  down,  inspection  of  components  revealed  that  scoring  occurred 
at  both  rib-roller  end  conjunctions.  Due  to  the  unexpectedly  short  duration  and  slow  recorder  response,  only 
three  data  points  were  recorded.  During  the  final  instrument  cycle  ot  24  seconds,  the  temperature  of  (he 
opposite-drive-end  cup  rose  80°F.  At  the  completion  ol  this  test  the  cup  temperature  was  recorded  as  314°r. 

From  this  limited  data,  computer  analysis  was  used  to  formulate  a  thermal  model.  Textbook  heat-transfer 
coefficients,  considering  the  bearing  as  a  semi-infinite  slab  and  bearing  geometry,  produced  the  appended  re¬ 
sults.  Assumptions  were  that  the  rollers  were  the  heat  source,  cup  anil  cone  temperatures  would  be  equal,  and 
the  housing  temperature  would  lag  cup  temperatures  as  measured  in  the  previous  lubricated  tests.  Subsequent 
tests  would  show  this  last  assumption  to  be  completely  in  error.  Regardless,  this  study  as  shown  in  Table  21  did 
show  two  significant  facts.  First,  the  floating  cup  (ODF)  was  tight  prior  to  oil-off  (0.0002  inch  loose  at 
assembly  versus  0.0039  inch  tight  at  oil-off),  and  even  if  the  ODE  cup  floated,  Belleville  spring  stiffness  and 
axial  thermal  growth  would  apply  bearing  loads  approximately  200  percent  greater  than  intended  (6,621 
pounds  versus  3,530  pounds  thrust). 

Based  upon  this  thermal  analysis,  a  change  in  the  design  ol  the  Belleville  springs  was  initiated  in  ordei  to  pro¬ 
duce  a  spring  assembly  with  a  flat  spring  rate  over  the  expected  deflection  change.  The  redesigned  Belleville 
spring  is  shown  in  Figure  70.  The  load  versus  deflection  lor  the  spring  used  in  test  1  and  the  springs  to  be  used 
in  all  future  oil-off  tests  is  shown  in  Figure  71.  This  new  spring  design  would  prevent  the  buildup  of  excessive 
axial  loads  due  to  axial  expansion  of  components  during  oil-off  operation. 

Oil-Off  Test  No.  2 

Components  from  development  lest  2  were  used.  Revisions  to  the  test  hardware  and  instrumentation  as  a  result 
of  the  first  oil-off  test  included: 

1.  The  Belleville  springs  and  their  mounting  arrangement  were  redesigned  and  fabricated  to  produce  a 
flat-spring-rate  curve  at  the  test  loads  (plotted  on  graph  with  data  from  spring  set  of  test  1  as  shown 
in  Figure  71 ). 

2.  Three  additional  thermocouples  were  located  on  the  test  housing.  These  plus  the  cup  od  sensois  were 
monitored  by  a  rapid  data  logger  capable  of  reading  and  printing  within  a  5-second  interval. 

3.  The  opposite-drive-end  cup  housing  fit  was  increased  to  0.0031  inch  loose. 

The  same  test  procedure  was  followed  as  in  the  first  test.  The  bearings  operated  for  7.8  minutes  alter  loss  ot 
all  oil  supply. 

Included  in  Appendix  C  for  oil-off  test  2  and  subsequent  arc  the  buildup  sheets  and  pi  intout  ot  a  rev  ised 
computer  program  that  presents  both  measured  and  calculated  test  parameters.  Table  22  provides  a  sample 
of  the  computer  output  for  test  2. 

Experimental  data  shown  on  this  printout  is  ‘‘Sec”,  time  in  seconds  with  0  being  oil-off;  "Hsg"  temperature, 
the  average  housing  od  temperature  measured  at  three  locations;  temperatures  ol  "DF."  and  "ODE"  cups. 

"Cup”  is  the  measured  cup  temperature  and  “Rlr”  and  "C/S”  were  calculated  roller  and  cone  shaft  tempera¬ 
tures.  Fits  “DE"  and  "ODE”  were  computed  cup  fits  at  measured  temperatures.  "Axl"  displayed  the 
thermal  and  inertial  expansions  across  the  cup  backfaccs  and  "Lb”  presented  this  in  terms  of  pounds  preload. 
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Figure  71 .  Deflection  Curves  for  Springs  Used  in  Oil-Off  Tests. 
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The  results  of  the  axial  spring  displacement  and  ODE  cup  fit  for  test  2  are  plotted  and  shown  in  Figure  72. 
This  plot  shows  that  as  the  fit  of  the  floating  cup  became  tight,  its  ability  to  float  axially  diminished  and  the 
buildup  of  axial  preload  increased,  resulting  in  hearing  failure.  This  test  appeared  to  verify  the  mechanism  of 
failure  and  showed  that  the  changes  made  in  test  2  did  increase  the  oil-off  life  of  the  test  assembly. 

The  least-expected  result  ol  this  test  was  that  the  housing  temperatures  actually  cooled  slightly  at  oil-off,  then 
remained  constant  for  the  remainder  of  the  run.  This  stable  housing  temperature  with  increasing  cup  tempera¬ 
ture  removed  the  floating  capability  of  the  ODE  cup.  This  event  coincided  with  a  rapid  increase  in  tempera¬ 
ture  at  this  po .  it  ion.  This  effect  was  not  included  in  the  initial  thermal  model.  Therefore  a  review  of  the 
thermal  model  indicated  that  additional  looseness  of  the  floating  cup  fit  would  he  required  in  order  to  prevent 
the  cup  fit  from  becoming  tight  under  higher  operating  temperatures. 

Oil-Otl  Test  No.  3 


Components  from  development  test  I  were  used.  Speed  and  load  levels  were  the  same  as  the  first  two  runs. 

The  cup  fit  of  the  opposite-drive-end  cup  was  ground  for  0.007  inch  looseness. 

The  test  ran  for  2.48  minutes.  Posttest  component  inspection  revealed  the  reason  lor  this  premature  termina¬ 
tion.  The  cage  pilot-cup  land  at  the  large  end  of  the  drive  end  position  had  interfered,  then  welded.  The  weld¬ 
ing  broke  at  coastdown;  however,  it  could  be  seen  that  the  bearing  had  run  with  zero  cage  speed,  imbedding 
the  rollers  into  both  inner  and  outer  races.  Posttest  measurement  of  this  pilot  showed  0.014-inch  wear  on  the 
pilot  od.  The  ODE  bearing  sustained  no  damage.  The  test  data  showed  that  this  position  was  cooling  down  at 
termination.  The  results  ot  this  test  indicated  that  additional  clearance  would  be  required  for  the  cage  pilot-cup 
land  in  order  to  prevent  this  mode  of  failure. 

Oil-Olt  l  est  No.  4 


lire  initial  plan  for  this  test  was  to  use  the  test  pat  is  from  development  test  number  3;  however,  it  was  noted 
at  assembly  that  the  opposite-drive-end  cup  rib  had  sustained  handling  damage.  The  damaged  cup  was  re¬ 
placed  by  the  undamaged  cup  from  oil-oil  test  3,  serial  no.  78-1.  To  eliminate  conditions  that  had  terminated 
the  earlier  tests,  the  following  modifications  were  performed: 

I  New  preload  springs. 

2.  Both  cup  outside  diameters  ground  for  loosei  fits. 

3.  Assembled  cage  pilot  clearances  increased  by  grinding  inside  diameters  of  cups. 

The  load,  speed,  and  proceduie  were  repeated  as  before  and  the  bearing  survived  for  8.88  minutes  ol  oil-off 
operation. 

Appendix  C  contains  the  buildup  sheet,  computei  printouts  ol  test  data,  graphs  of  same,  and  posttest  component 
photographs. 

In  addition  to  the  cup  rib- roller  spherical  end  damage,  it  appealed  that  the  cage  pilot  also  interfered  at  the  ODE 
position.  The  condition  was  not  as  severe  as  in  oil-off  test  no.  3,  but  the  pilot  at  the  large  end  had  0.005-inch 
wear. 
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Oil-Off  Test  No.  5 


This  test  was  run  with  the  components  tested  under  development  buildup  no.  4.  The  work  statement  pertain¬ 
ing  to  the  oil-off  contract  extension  had  specified  that  a  series  of  tests  at  speeds  from  3,700  rpm  to  14,000 
rpm  be  conducted.  Because  of  the  unexpected  problems,  all  the  previous  trials  had  been  run  at  3,700  rpm  in 
order  to  understand  the  effects  of  each  modification  on  life.  To  investigate  the  influence  of  speed,  this  test 
was  performed  at  7,400  rpm.  This  is  the  normal  operating  speed  of  the  advanced-concept  input  pinion. 

The  three  revisions  specified  for  oil-off  test  no.  4  were  incorporated.  In  addition,  the  cup  lands  at  all  positions 
were  zinc-phosphate-coated.  This  was  accomplished  by  chemically  masking  all  bearing  surfaces  except  the 
cup  lands. 

The  test  ran  for  4.37  minutes.  The  buildup  sheets,  test  data,  graphs,  and  posttest  component  photographs  are 
shown  in  Appendix  C.  The  results  of  this  test  indicated  that  a  longer  operating  life  was  achieved  than  expected 
with  increased  speed.  It  was  speculated  that  the  zinc-phosphate  coating  may  have  extended  the  life  and 
therefore  a  sixth  test  was  conducted  at  the  lower  speed  (3,700  rpm)  in  order  to  verify  this  factor. 

Oil-Off  Test  No.  6 


The  bearing  parts  for  this  test  had  been  used  in  development  test  no.  5.  All  modifications  developed  in  the 
previous  five  oil-off  tests  were  incorpoated.  The  speed  and  load  levels  were  3,700  rpm  at  an  equivalent  thrust 
of  3,205  pounds  (50  percent  of  single-engine  loading). 

The  test  ran  for  only  3.67  minutes.  Appendix  C  includes  buildup  and  data  sheets,  a  graph  ol  the  cup  and 
housing  temperatures,  and  posttest  component  photographs. 

As  in  the  preceding  tests,  the  origin  of  damage  was  the  cup  rib-roller  spherical  end.  It  was  also  apparent  that 
the  cage  pilot-cup  land  contributed  a  significant  amount  of  heat.  Based  on  the  results  of  these  six  oil-off 
tests,  it  was  apparent  that  operating  clearances  under  transient  thermal  conditions  play  an  important  part  in 
the  performance  of  these  bearings  during  oil-off  operation.  A  summary  of  the  various  housing  cup  fits  and 
cup/cage  clearances  used  in  these  six  tests  is  shown  in  Table  23.  These  tests  provided  evidence  that  the  modifi¬ 
cations  of  increased  clearance  did  extend  life  but  were  not  sufficient  to  achieve  our  goal  of  30  minutes  opera¬ 
tion  without  oil. 


DISCUSSION  OF  TEST  RESULTS 


All  test  data  presented  in  Appendixes  B  and  C  of  this  report  was  accumulated  and  stored  in  computer  data 
files  of  the  Timken  Company's  Physical  Laboratory.  Speed,  load,  temperatures,  and  oil  flow  rates  were 
measured  data,  while  the  two  columns  under  "HEAT”  (generation)  were  calculated.  The  heat  generation  of 
the  test  and  slave  bearings  (column  headed  "BRG")  was  computed  considering  the  lollowing: 

I.  Rolling  torque  equation  as  developed  by  Witte6. 


6.  Witte,  D.C.,  OPERATING  TORQUE  OE  TAPERED  ROLLER  BEARINGS,  presented  at  ASME  ASLI 
International  Lubrication  Conference,  New  York,  New  York,  October  1972. 
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TABLE  23.  SUMMARY  OF  HOUSING  FITS  AND  CAGE  CLEARANCES  USED  IN  OIL-OFF  TESTS 


2.  Viscous  torque  (required  to  develop  boundary  layer  and  propel  lubrication  through  cup  id)  as 
derived  by  Leibensperger7 8. 

3.  Hydrodynamic  losses  at  test  cage  pilots  computed  using  the  equations  of  Fuller  and  Smith,  with 
conditions  given  in  Reference  8. 

4.  Lubricant  dynamics  Torque  to  accelerate  lubricant  to  cage  speed  in  slave  bearings  and  centrifugal 
pumping  losses  in  both  test  and  slave  bearings. 

The  heat  removed  by  the  lubricant  (column  labeled  "OIL")  was  computed  using  measured  temperatures  and 
flow  rates.  The  mean  specific  heat  of  the  lubricant  was  computed  using  the  fluid  properties  from  Reference  8 
and  integrated  over  the  temperature  range, 

Ooi,  =  MCp^T. 

where  M  =  mass  flow  rate 

cp  =J:  cp  <t>  dT 

T2  t, 

AT  =  T2  T, 

and  T2  =  oil  outlet  temperature 
T|  =  oil  inlet  temperature. 

The  temperatures  used  for  the  torque  equations  were  outlet  oil  conditions.  When  lubricant  was  supplied  to  the 
floating  cup  seat  at  the  ODE  position,  the  measured  oil  outlet  temperatures  were  compensated  to  consider  this 
thermal  dilution  effect. 

If  we  apply  a  generalised  rule  that  10  percent  of  the  heat  generated  will  be  transferred  through  the  housing  by 
conduction  and  radiation,  then  excellent  correlation  is  achieved  between  heat  generated  and  heat  carried  away 
by  the  oil.  Under  high  speed  and  temperature  conditions,  the  somewhat  greater  than  10  percent  value  was 
likely  as  a  result  of  the  following: 

1 .  Rib-roller  spherical  end  effects  neglected 

2.  Assumed  constant  spring  preload  (neglected  axial  thermal  expansions)  over  all  conditions. 

The  clastohydrodynamic  film  thicknesses  were  also  computed  for  the  test  bearings  using  the  equation  of 
Dowson  and  Higginson  for  the  roller  body-race  conjunctions  and  the  Archard  and  Cowking  formula  for  the 
roller  spherical  end-rib  conjunctions.  The  application  of  these  equations  to  tapered-roller  bearings  and  assump¬ 
tions  are  given  in  Reference  8. 

7.  Leibensperger,  R.L.,  AN  ANALYSIS  OF  FLOW  OF  OIL  THROUGH  A  TAPERED  ROLLER  BEARING, 
journal  of  Lubrication  Technology,  American  Society  of  Mechanical  Engineers,  New  York,  New  York, 

April  1972. 

8.  Cornish,  R.F.,  Orvos,  P.S.,  and  Dressier,  G.J.,  DESIGN,  DEVELOPMENT  AND  TESTING  OF  HIGH-SPEED 
TAPERED  ROLLER  BEARINGS  FOR  TURBINE  ENGINES,  Timken  Company,  Technical  Report  AFAPL- 
TR75-26,  U.S.  Air  Force  Aero  Propulsion  Laboratory,  Wright-Pattcrson  Air  Force  Base,  Ohio,  July  1975, 
ADA026908. 


118 


I 


The  results  of  these  calculations  are  shown  in  Figure  73.  The  lower  curves  show  the  temperatures  used  for  the 
calculations.  The  upper  series  of  curves  presents  the  film  thickness  at  speeds  and  temperatures  identified.  The 
190°F  inlet  oil  conditions  developed  elastohydrodynamic  film  separations  approximately  twice  those  of  300°F 
oil  (12-14  microinches  versus  6-8,  respectively). 


Both  of  these  conditions  would  be  considered  boundary  lubrication  and  it  was  expected  that  visual  evidence  ! 

of  surface  contact  would  be  recorded  on  tested  components.  Figures  74,  75,  and  76  are  scanning-electron-  j 

microscope  photographs  of  inverted  replicas  of  the  outer  races  from  a  new  bearing  and  those  tested  at  1 90° 

and  300°F  oil  inlet.  The  solid  bars  are  reference  scales  for  100  micrometers  (approximately  0.004  inch).  The  j 

biased  lines  are  honing  scratches  that  are  apparent  on  the  new  races.  Comparison  of  the  two  tested  races  shows  j 

that  almost  all  honing  marks  were  worn  from  the  300°F  tested  cups.  Although  the  bearing  performed  success-  ; 

fully  under  these  conditions,  it  is  apparent  that  the  reduced  elastohydrodynamic  film  thickness  has  resulted  in  ] 

a  change  to  the  surface  condition  of  the  tested  bearings.  ,  i 

The  magnetic  seals  used  in  this  test  program  performed  very  satisfactorily.  Eight  different  seals  were  used  and  \ 

tested  under  various  conditions  as  previously  noted.  None  of  the  seals  had  to  be  replaced  or  modified  during  -  .’ 

this  test  program.  A  summary  of  the  measured  wear  and  weight  losses  recorded  from  measurements  taken  ; 

before  and  after  test  is  shown  in  Table  24.  The  largest  amount  of  wear  recorded  was  during  test  3  and  measured  ,  / 

0.0003  inch.  Weight  losses  were  generally  less  than  0.033  gram.  During  the  eight  tests  conducted,  only  two  1 

recorded  any  evidence  of  oil  leakage.  The  largest  amount  of  oil  leakage  occurred  during  test  8  and  was  re-  ■ 

corded  as  only  5.2  grams  of  oil. 

!  ■ 

In  addition,  the  seal  case  temperature  at  various  speeds  was  plotted  as  shown  in  Figure  77.  The  temperatures 
shown  on  this  plot  were  taken  at  stabilized  conditions  under  maximum  single-engine  loads.  As  shown,  seal 
temperature  increased  with  speed  and  reduced  oil  flow  rates  to  the  test  bearings.  The  highest  seal  temperature 
recorded  with  190°F  oil  inlet  temperature  occurred  during  test  6;  a  temperature  of  31  3°F  occurred  at  full 
load  and  1 1,800  rpm.  When  the  oil  inlet  temperature  was  increased  to  300°F,  seal  temperatures  in  excess  of 
330° F  were  measured  and  no  distress  was  noted. 

TABLE  24.  SUMMARY  OF  MAGNETIC  SEAL  LEAKAGE  AND  WEAR 


Test  No. 

Test  Time 
(hr) 

Measured  Wear 
(in.) 

Measured  Weight  Loss 

Total  Recorded 

Leakage 

(gm) 

Magnetic 

Ring 
(g  m) 

Seal  Case/ 
Carbon  Insert 
(gm) 

1 

37.6 

0 

0.012 

0.0126 

0 

2 

58.0 

0.0002 

0.006 

0.0123 

0 

3 

39.5 

0.0003 

+0.0012 

0.0068 

0 

4 

54.8 

0 

+0.002 

+0.001 

0 

5 

61.0 

0.0001 

0.008 

+0.022 

0 

6 

101.3 

0 

0.001 

0.0004 

0 

7 

67.5 

0.0002 

0.014 

0.0327 

3.017 

8 

379 

0.0002 

+0.001 

0.023 

5.20 
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OIL  OUTLET  TEMPERATURE  -  °F  EHD  FILM  THICKNESS  -  MICROINCHES 
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OIL  OUTLET  TEMPERATURES 
USED  FOR  COMPUTING  EHD  FILMS 
(DATA  FROM  TESTS  NO.  5  AND  7 


SHAFT  SPEED  -  RPM  X  10~3 


Figure  73.  Elastohydrodynamic  Film  Thicknesses  During  Oil-Off  Tests. 
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SEAL  CASE  OD  TEMPERATURE 


340 


Figure  77.  Temperatures  at  Outside  Diameter  of  Magnetic  Seal  Case. 


CONCLUSIONS 


This  program  successfully  demonstrated  that  a  ribbed-cup,  integral-inner-race  shaft,  tapered-roller  bearing  sys¬ 
tem  and  magnetic  seal  could  be  designed  and  fabricated  to  meet  all  requirements  for  an  advanced  helicopter 
input  spiral  bevel  pinion  application.  All  performance  goals  specified  in  the  program  statement  of  work  were 
met  or  exceeded.  These  were  the  following: 

1.  Operate  under  single-engine  loading  («=1,500  hp)  at  nearly  twice  design  speed  (14,000  rpm). 

2.  Demonstrate  the  feasibility  of  complete  through-shaft  lubrication. 

3.  Operate  at  minimum  lubricant  supply  conditions. 

4.  Establish  floating  bearing  requirements  with  regard  to  spring  preload  and  lubrication. 

5.  Integrate  bearing  inner  race  with  test  shaft. 

6.  Fabricate  test  components  from  a  high-hot-hardness  carburizing  steel  (VASCO-X2  and  CBS600). 

Beyond  the  original  scope  of  the  program,  it  was  shown  that  elevating  the  inlet  oil  temperature  from  1 90°F  to 
300°F  had  no  adverse  impact  on  the  bearings,  and  a  single  endurance  test  of  1.88  L-10  units  duration  did  not 
produce  bearing  fatigue. 

During  the  initial  two  tests,  abrasive  wear  and  debris  denting  were  observed  on  the  test  components.  At  the 
conclusion  of  test  number  6  an  examination  of  the  oil  sump  revealed  heavy  contamination  with  metallic 
debris.  The  source  of  this  contamination  appeareu  to  be  the  new  test  rig;  however,  it  was  thought  that  initial 
flushing  had  cleaned  the  system.  It  was  also  postulated  that  a  chip  from  the  magnetic  seal  insert  had  become 
wedged  in  the  cage  pocket,  producing  the  heavy  roller  grooving  during  test  number  1 .  In  any  case,  this  did  not 
adversely  influence  bearing  performance  and  was  eliminated  prior  to  the  endurance  test. 

The  only  bearing  problems  encountered  were  those  relating  to  the  slave  bearings.  These  were  solved  by  fitting 
and  setting  changes  which  occurred  during  tests  number  2  and  3. 

The  magnetic  seals  were  used  in  all  tests  and  performed  very  satisfactorily,  with  no  indications  of  leakage  or 
wear. 

The  five  oil-off  survivability  tests  conducted  at  3,600  rpm  ran  from  1 .4  to  8.88  minutes.  The  single  test  at 
7,400  rpm  survived  for  4.37  minutes.  This  latter  test  is  within  the  range  of  thrust  ball  bearing  designs. 

The  success  of  this  program  indicates  that  ribbed-cup  tapered-roller  bearings  as  tested  and  reported  herein  are 
ready  for  full-scale  transmission  tests. 

The  oil-off  survivability  tests  did  not  reach  the  military  goal  of  30  minutes  operation  at  maximum  rated  power. 
However,  a  significant  advancement  was  achieved.  It  is  possible  that  longer  times  could  be  achieved  if  testing 
were  performed  in  an  environment  and  mounting  similar  to  those  of  a  helicopter  transmission.  Additional 
work  should  be  done  on  material  development  and  cage  design  in  order  to  extend  the  oil-off  survivability  of  a 
ribbed-cup  tapered-roller  bearing. 
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ADVANCED  ANALYSIS  OF  COMPLEX  BEARING  STRUCTURES 


BACKGROUND 


To  achieve  the  major  objectives  of  an  advanced  transmission,  studies  have  shown  that  significant  changes  in  the 
design  of  a  planetary  system  are  required.  These  initial  design  studies  were  based  upon  the  Boeing  Vertol 
UTTAS-class  helicopter  which  used  a  single-stage  planetary  system  with  conventional  spur  gears  supported  by 
spherical  roller  bearings  An  advanced  main  rotor  transmission  developed  under  Contract  DAAJ02-75-C-0022 
incorporated  many  new  features  such  as  composite  housing  material,  advanced  ribbed-cup  tapered-roller 
bearings,  and  a  new  concept  planetary  and  rotor  shaft  support  system.  The  selected  design  of  the  advanced- 
concept  transmission  is  shown  in  Figure  78. 

Some  of  the  basic  details  used  in  this  design  study  were  as  follows: 

The  overall  reduction  ratio  is  25. 1  to  I ;  the  engine  bevel  drive  accounts  for  the  balance  (67.6  to  1 ).  Power 
inputs  are  at  the  90-  and  270-degree  positions.  Provision  for  a  forward  AGB  drive  is  made  at  0  degrees  and  for 
a  tail  rotor  and  aft  AGB  drive  at  1 80  degrees. 

The  loads  criteria  to  which  this  transmission  has  been  designed  are  shown  in  Table  25. 

TABLE  25.  DESIGN  LOADS  OF  THE  ADVANCED-CONCEPT  TRANSMISSION 


Maximum  Single-Engine  Input  Horsepower 

1,521 

Input  RPM 

7,419 

Output  Horsepower 

2,655 

Output  RPM 

295 

Output  Torque 

562,730  ±  67,530  in.-lb 

Lift  Load 

17,004  ±  567  lb 

Drag  Load 

609  t  586  lb 

Rotor  Hub  Moment 

262,000  in.-lb 

These  are  the  same  as  the  Boeing  Vertol  YUH-61  A  criteria. 

In  the  proposed  advanced  design  (Figure  78),  the  planetary  gear  reduction  and  the  rotor  support  functions 
are  an  integral  design.  Consequently,  the  development  of  a  detailed  analysis  of  the  interrelationship  of  load 
and  deflections  is  required  to  design  the  system.  The  planet  gears  used  in  this  planetary  system  are  high- 
contact-ratio  noninvolute  form  (HCR/NIF),  designed  to  approximately  the  same  stresses  as  the  conventional 
teeth  of  the  baseline  design.  This  advanced  tooth  form  allows  a  20-pcrcent  reduction  in  planetary  volume. 

The  planet  gears  arc  supported  on  a  carrier  plate  that  runs  between  the  upper  and  lower  tier  of  planet  gears 
(Figure  79).  This  effect  is  to  balance  the  load  on  the  plate  and  eliminate  bending  in  this  member.  It  also 
shortens  the  planet  post  to  about  hall  of  the  conventionally  required  length  as  shown  in  Figure  80.  The  cumu¬ 
lative  effect  is  to  significantly  reduce  the  tendency  of  post  deflection  to  end-load  the  gears  and  the  bearings. 

In  consequence  of  this  reduced  deflection,  cylindrical  roller  bearings  are  used  in  place  of  self-aligning  sphericals. 
Because  of  this  planet  carrier /hearing  design,  the  life  shows  a  marked  improvement  over  conventional  designs 
despite  the  reduction  in  planetary  si/e. 
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Figure  78.  Advanced-Concept  Transmission  With  Composite  Housing. 


PLANET  q. 
CARRIER  I 


CURRENT  BASELINE  DESIGN 


ADVANCED  DESIGN 


Fienre  80.  Balanced  Planetary  Post  Loads. 


At  its  periphery,  the  balanced  planetary  carrier  connects  to  the  rotor  hub  through  a  short  tubular  extension. 

On  the  outside  of  the  carrier,  the  rotor  loads  are  reacted  through  a  set  of  large-diameter  tapcrcd-roller  bearings. 
These,  in  turn,  are  retained  in  the  planet  ring  gear  which  transfers  the  rotor  loads  to  the  housing  and  ultimately 
to  the  airframe.  The  design  also  incorporates  the  bearing  outer  races  above  and  below  as  an  integral  part  ol  the 
ring  gear.  Except  for  this,  the  bearing  design  itself  does  not  represent  a  change  in  the  state  of  the  art,  being 
similar  to  the  YUH-61  A. 

The  notable  task  in  this  area  is  the  evaluation  of  the  combined  effects  of  gear,  rotor,  and  bearing  loads  and  de¬ 
flections.  Provisions  were  made  in  the  ring  gear  to  increase  stiffness  at  low  weight  penalty  by  the  addition  of 
high-modulus  material  wound  circumferentially  on  the  outside. 

To  summarise  the  expected  benefits  of  this  planetary  system,  they  are: 

•  Reduced  diameter,  height,  and  volume 

•  Increased  gear  and  bearing  life 

•  Minimum-weight  and  minimum-length  rotor  load  path. 

DESCRIPTION  OF  DESIGN 

In  a  conventional  main  rotor  transmission,  the  rotor  loads  are  transferred  to  the  airframe  through  mounting 
legs  on  the  upper  cover.  Hence,  the  ring  gear  which  is  supported  under  the  upper  cover  is  not  required  to 
transmit  these  loads.  Conversely,  in  the  advanced-concept  transmission  design,  as  described  earlier,  the  rotor 
loaus  are  transmitted  by  the  rotor  shaft  support  bearings  through  the  ring  gear  structure  and  transmission  case 
and  then  into  the  helicopter  frame.  Since  both  the  rotor  loads  and  torque  paths  are  through  the  ring  gear 
structure,  it  is  important  to  determine  the  deflections  and  stresses  imposed  upon  the  ring  gear  and  rotor  shaft 
support  bearings  due  to  the  combined  loads  (rotor  and  gear)  and  to  assess  the  effect  of  the  deflections  on  the 
performance  of  the  planetary  gear/bearing  system.  Because  of  the  complex  nature  of  the  loads,  the  develop¬ 
ment  of  a  finite-element  model  (FEM)  was  required  to  determine  the  stress/deflection  characteristics  ol  the 
ring  gear/rotor  shaft  support  bearing  system.  A  cross  section  of  the  bearing  support/ring  gear  assembly  is 
shown  in  Figure  81. 

ANALYTICAL  PROCEDURE  AND  FINITE-ELEMENT  MODELING 

Upon  completion  of  the  preliminary  design  analysis,  two  finite-element  models  were  required  in  order  to 
adequately  develop  an  understanding  of  the  interactions  of  all  components  and  their  resultant  deflections 
and  stresses.  This  information  would  be  essential  in  the  final  design  and  development  of  the  advanced-concept 
transmission. 

The  planetary  ring  gear  was  first  analyzed  using  the  NASTRAN  finite-element  analysis  computer  program.  This 
finite-element  model  was  designed  to  use  a  feature  in  NASTRAN  Level  16.0  known  as  cyclic  symmetry.  The 
cyclic  symmetry  technique  allows  the  NASTRAN  user  to  model  a  small  segment  of  an  axisymmetric  structure, 
with  the  remainder  of  the  structure  being  mathematically  simulated  within  the  NASTRAN  program.  The 
benefits  of  using  the  cyclic  symmetry  approach  are  reduced  modeling  time  and  a  reduction  in  computer  tun 
time.  Figure  82  shows  the  single-segment  model  from  which  the  entire  ring  gear  model  was  simulated;  Figure 
83  shows  the  simulated  lull-configuration  model.  The  model  was  analyzed  for  loading  conditions,  shown  in 
Table  25,  which  were  representative  of  operating  conditions  of  the  YUH-61  A  helicopter.  Foi  each  loading 
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Figure  K.V  Finite-Element  Model  of  Advanced-Concept  Transmission  Ring  Gear. 


condition,  rotor  loads  were  applied  m  the  form  ot  calculated  rotor  shaft  bearing  internal  load  distributions  ob¬ 
tained  from  Boeing  Vertol  hearing  computer  programs.  Rotor  torque  was  applied  in  the  form  of  plane!  geai 
contact  loads  at  the  planet  gear  azimuth  locations. 

Results  from  this  preliminary  computer  run  suggested  that  certain  areas  of  the  model  would  benefit  from  ad¬ 
ditional  refinement.  These  refinements  were  aimed  at  selecting  section  thicknesses  which  would  be  efficient 
from  a  strength-to-weight  standpoint,  while  maintaining  the  rigidity  necessary  for  proper  bearing  support.  I  hese 
refinements  also  included  modeling  a  more  precise  representation  of  the  actual  gear  tooth  conf  iguration  in  order 
to  assess  the  ef  feet  of  the  gear  teeth  on  the  bending  stiffness  of  the  ring  gear  wall. 

Evaluation  of  results  for  the  initial  rotor  shaft, 'carrier  support  bearingand  ring  gear  NASTRAN  finite-element 
analy  sis  follows.  A  plot  showing  the  final  configuration  of  the  finite-element  model  is  shown  in  Figures  84 
and  85.  The  ring  gear/bearing  support  structure  was  analyzed  for  loadings  representative  of  flight  loading  for 
both  ultimate  and  fatigue  conditions.  Stress  and  deflection  data  was  obtained  for  each  element  in  the  model 
structure.  The  results  indicated  that  the  bearing  support/ring  gear  structure  was  deflection-critical  rather  than 
stress-critical.  I  his  was  due  to  the  rigidity  requirements  for  the  rotor  shaft  bearing  races  which  were  an  inte¬ 
gral  part  of  the  ring  gear.  Maximum  deflections  and  stresses  for  the  fatigue  and  ultimate  conditions  are  shown 
in  Figure  86.  A  sketch  showing  element  and  grid  point  locations  is  also  included  for  reference. 

I  he  relative  bearing  race  flexibility  noted  in  the  NAS  I  RAN  analysis  led  to  efforts  aimed  at  developing  an  ac¬ 
curate  model  of  the  rolling-element  bearing  load  distribution  behavior  in  the  presence  of  bearing  inner-  and 
outer-race  bending  deformations.  Conventional  bearing  computer  analyses  generally  assume  that  the  bearing 
races  ate  rigid  in  bending  and  consider  only  contact  detoi  mations  in  their  load  distribution  f  ormulations.  The 
initial  NAS  I  RAN  finite-element  analy  sis  of  the  bear ing  suppoi  t/i  ing  gear  was  based  on  the  bearing  loads  de¬ 
rived  in  this  manner.  This  approach  y  ie/efs  reasonable  results  provided  there  is  adequate  stiff  ness  in  the  ma¬ 
terial  surrounding  the  bearing  races  to  prevent  bending  deflections  of  the  race.  However,  in  latge-diameter 
hearings  with  relatively  compliant  outer  and  inner  i aceway  backup  material,  bending  deformation  of  the  races 
can  significantly  influence  the  load  distribution  around  the  healing.  A  change  in  the  bearing  rolling-element 
load  distribution  can  affect  he.n  ing  life  and  altei  the  state  of  stiess  in  the  supporting  structure. 

MODE  L  MODI  TIC  A  7 IONS 

lo  investigate  the  effects  ol  suppoi  t  structure  compliance  on  hearing  load  distribution  by  the  finite-element 
method,  the  analysis  must  consider  both  contact  and  structural  stiffnesses.  Structural  stiffness  is  inherent  in 
the  finite-element  mesh  ot  the  support  structure.  However,  it  was  necessary  to  develop  a  somewhat  simplified 
finite-element  model  of  the  rolling-element  raceway  contact  deformation  as  a  function  of  load.  Modeling  ibis 
behavior  is  further  complicated  by  lire  non  linear  dependence  or  contact  deformation  on  load  and  the  fact  that 
be.mng  elements  are  capable  of  acting  only  in  compression,  lension  loads  cannot  be  reacted  at  a  rolling- 
element  node  point.  To  accomplish  this  feature  in  the  lotor  shaft  bearing  support  analysis,  the  contact  still- 
ness  it  each  bearing  roller  was  approximated  bv  an  assemblage  of  spring-gap  finite  elements  connected  in 
parallel  as  shown  in  I  igure  87.  With  proper  selection  ol  spring  stiffness  and  gap  length  oil  each  element,  a  close 
appr  -  ix  i  mat  i  on  of  the  bear  mg  roller  racewav  stiffness  curve  can  be  obtained  f  tom  the  I  inite-clement  assemblage, 

I  i  gun-  88  shows  rlie  calc  ula  led  load  clef  lei  lion  curve  for  a  bear  mg  rollei  and  the  piecewise  lineal  appi  ox  i  ma¬ 
il  on  ot  I  his  curve  .  iht  .lined  Ji  •  mi  the  spi  mg- gap  I  in  ile  element  assemblage  I  hese  spr  ing  gap  elements  aie 
available  in  I  tic  ■WS'l  S  program,  a  cornmetciailv  available  geneial  puipose  limte-element  progiani 

1  •  v  de  tin  nisi  i  ate  the  applu  ibilitv  ol  ibis  appi  oacti  toi  calculating  hear  ing  si  it  tness,  an  ana  Is  sis  ot  ,i  radial  i  oiler 
bearing  was  pel  formed  I  his  analv  sis  c  orisidered  c  ■  mtac  I  del  or  mations  only  and  therefore  neglec  led  I  ace 
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Figure  84.  Final  Finile-Hlement  Model  of  Single  Segment  of  Advanced-Concept  Transmission 
Ring  Gear. 
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Figure  85.  Final  Finite-Element  Model  of  Advanced-Concept  Transmission  Rim*  Gear. 
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Figure  86.  Element  and  Grid  Point  Locations  on  Single  Segment  of  Ring  Gear. 
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Figure  87.  Model  of  a  Bearing  Rolling  Element. 


Figure  88.  Approximation  of  the  Stiffness  Characteristics  of  a  Bearing  Rolling  Element. 
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bending  stillness.  Tlie  contact  stillness  of  each  roller  was  modeled  with  an  assemblage  ol  four  spring-gap 
elements  as  shown  in  Figure  87.  Note  that  the  spring  stiffness  does  not  become  effective  until  the  connecting 
nodes  have  displaced  a  distance  toward  each  other  equal  to  the  specified  gap  distance.  This  model  also  has 
provisions  to  account  for  initial  radial  clearances  in  a  bearing.  Due  to  the  stepwise  engagement  of  the  springs, 
an  iterative  solution  is  necessary  to  solve  for  an  answer. 

A  sketch  showing  the  roller  bearing  mudel  is  shown  in  Figure  89.  Notice  that  the  races  do  not  deform,  al¬ 
though  due  to  contact  deflections  they  displace  relative  to  each  other.  Table  26  contains  a  comparison  of 
contact  load  and  contact  deflection  computed  from  the  finite-element  analysis  and  from  a  conventional  bear¬ 
ing  analysis  computer  program  which  calculates  rigid-race  contact  forces  and  deflections  using  conventional 
techniques. 

The  results  of  the  radial  bearing  analysis  agree  closely  with  contact  loads  and  deformations  calculated  by  the 
bearing  computer  program.  This  indicates  that  the  spring-gap  assembly  is  capable  of  modeling  the  contact  be¬ 
havior  of  rolling-element  bearings  to  a  degree  of  accuracy  equal  to  that  of  more  conventional  rigid-race 
techniques. 


TABLE  26.  BEARING  LOAD  AND  CONTACT  DEFLECTION  COMPARISON 
Of  ANALYTICAL  METHODS 


Roller  Contact  Force  Comparison 

Roller  Location 

Finite-Element  Method 
(lb) 

Bearing  Program 
(lb) 

Difference 

(%) 

1 

5,1 19 

5,108 

0.2 

2 

4,841 

4,830 

0.2 

3 

4,033 

4,032 

0.02 

4 

2,800 

2,826 

0.9 

5 

1,385 

1,388 

0.02 

Contact  Deflection  Comparison 

Finite-Element  Method 

Bearing  Progiam 

Difference 

Roller  Location 

(in.) 

(in.) 

(%) 

1 

3.93  \  10  3 

3.93  x  10  3 

0 

2 

3.74  \  10  3 

L74  \  10  3 

0 

3 

3.18  \  10  * 

3.18  \  10  3 

0 

1 

2.31  x  10  * 

HI  \  |l)  ? 

0 

S 

1.21  \  10  * 

1  21  \  10  1 

0 
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Figure  89.  Finite-Element  Model  of  a  Roller  Bearing 
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I  laving  v  i-ii  lieil  .m  .iliopubic  model  lot  beai  inn  i  oiler  /race  cnni.ul  si  il  I  ness,  the  rotor  shaft, 'planet  carrier  and 
stationary  i  inn  near  assembly  were  modeled  using  the  ANSVS  finite-element  program.  The  bearing  support 
structure  consisting  of  the  stationary  ring  gear  and  rotoi  shaft, planet  carnet  components  was  modeled  with 
i|uadrilatei  al  plate  elements.  These  elements  are  capable  of  both  bending  and  in-plane  deformation.  The 
individual  healing  rollers  were  modeled  with  in  assemblage  of  spring-gap  interlace  elements.  The  stiffness  of 
the  spring-gap  element  assemblages  was  chosen  such  that  it  closely  approximated  the  nonlinear  contact  still¬ 
ness  of  the  bearing  rollers  sued  for  this  application.  The  rotor  shaft  bearing/support  assembly  model  was  then 
used  to  evaluate  the  distribution  of  load  on  the  rotor  shaft  support  bearing  tollers.  The  internal  roller  load 
distribution  calculated  in  this  manner  incorporated  the  effects  of  raceway/support  structure  compliance  on  the 
overall  bearing  load  distribution. 

To  facilitate  an  efficient  computer  solution,  a  half-symmetry  model  was  employed.  This  technique  requires 
that  only  one  half  of  a  symmetrical  structure  need  be  modeled  when  the  appropriate  boundary  conditions  are 
input  for  the  plane  of  symmetry.  This  feature  considerably  reduced  computing  time,  especially  since  an  itera¬ 
tive  solution  was  required.  A  computer  plot  of  the  complete  finite-element  model  is  contained  in  Figure  90. 
The  model  geometry  may  be  further  clarified  by  referring  to  Figure  91 ,  which  shows  a  conceptual  view  of  the 
finite-element  idealization  of  a  cross-section  of  this  model.  A  sketch  of  the  actual  cross-sectional  view  of  the 
rotor  shaft  bearing/bearing  support  structure  is  contained  in  Figure  92. 

SUMMARY  OF  RESULTS 

The  finite-element  model  was  analyzed  for  the  loading  conditions  shown  in  Figure  93.  These  loads,  applied 
at  the  rotor  hub  mounting  flange,  are  representative  ol  thrust  and  overturning  moment  ultimate  condition 
loads  of  the  YUH-61  A  main  rotor.  Calculated  values  ol  individual  beating  roller  loads  and  relative  raceway 
displacement  were  output  by  the  analysis.  Roller  loads  and  relative  race  displacements  as  a  function  of  roller 
location  azimuth  are  tabulated  in  Table  27  for  both  the  upper  and  lower  rotor  shaft  bearings.  Negative  rela¬ 
tive  displacement  values  indicate  that  the  roller  is  in  contact  when  at  this  azimuth  location  and  conversely  a 
positive  relative  displacement  indicates  that  a  gap  exists  between  roller  and  race  at  that  azimuth  position, 
hence  a  value  of  zero  load. 

To  ascertain  the  effect  of  raceway  flexibility  on  bearing  internal  load  distribution,  the  rigid-race  internal  load 
distribution  was  calculated  by  conventional  analytical  techniques.  The  rigid-race  distribution  along  with  the 
tlexibic-race  distribution  are  plotted  versus  azimuth  location  and  are  shown  in  Figure  94.  Notice  that  both 
the  rigid-  and  flexible-race  internal  load  distributions  for  the  lower  bearings  are  similar  in  shape,  with  the 
flexible-race  loads  slightly  larger  in  magnitude  than  the  rigid-race  loads.  The  upper  bearing  internal  load  dis¬ 
tributions  show  quite  pronounced  differences,  however.  The  rigid-race  internal  load  distribution  is  of  greatei 
maximum  magnitude  and  is  spread  over  a  shorter  arc  than  the  calculated  flexible-race  bearing  internal  load 
distribution.  From  these  results  it  appearxas  though  the  flexibility,  or  compliance,  of  the  bearing  raceways 
and  supporting  structure  tend  to  allow  the  total  load  to  distribute  over  more  rollers,  effectively  reducing  the 
maximum  loading  any  one  roller  would  experience. 

I  he  results  ol  the  flexible-race  analysis  can  be  used  to  modify  the  bearing  internal  load  distribution  and  obtain 
an  estimate  ol  the  13  1 0  lile  ol  the  bearing.  Using  a  conventional  bearing  analysis  program  and  the  modified 
internal  load  disti  ibution  showed  lli.it  the  life  ol  the  lower  bearing  decreased  by  approximately  I  3  percent 
while  the  life  of  the  upper  bearing  increased  by  more  than  50  percent.  Additional  work  would  be  required  to 
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thrust  =  42,390  LB 


TABLE  27.  CALCULATED  ROLLER  LOADS  AND  RELATIVE  RACE  DEFLECTIONS 
AS  A  FUNCTION  OF  AZIMUTH  POSITION 
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P RQGRAM  CONCLUSIONS 

The  overall  objectives  ol  the  work  conducted  under  this  program  were  achieved.  The  elements  ot  the  bearing 
and  seal  development  program:  high-speed  ribbed-cup  tapered-roller  bearings;  magnetic  seal;  high-hot  hardness 
VASCO-X2  steel  inner  races;  and  improved  methods  ol  analysis  of  complex  beat  ing  structures  tan  be  combined 
to  provide  an  advanced-concept  drive  system  with  signif  icant  advantages  to  the  operator.  The  advantages  will 
result  in  lighter  weight,  less  complexity  and  cost,  fewer  components  and  faying  surfaces,  and  potentially  longer 
component  life  tor  an  advanced  drive  system  gearbox. 

To  illustrate  the  application  of  the  advanced-component  technology  developed  during  this  program,  a  design 
study  was  conducted  by  Boeing  Vertol  using  the  CH-47  helicopter  engine  transmission  as  a  baseline  specimen. 

The  transmission  was  redesigned  to  incorporate  the  ribbed-cup  tapered-roller  bearings,  magnetic  seal,  high-hot- 
h  irdness  carburi/ing  steel,  and  a  composite  housing  which  is  being  developed  under  a  separate  work  task  of 
this  contract.  The  results  of  this  design  study  are  shown  in  Figure  95  which  reveals  that  lour  ribbed-cup  tapered- 
roller  hearings  support  the  input  pinion  and  output  gear,  three  of  which  operate  with  integral  inner  races,  and 
that  these  replace  six  ball  and  cy  lindrical  roller  bearings  in  the  conventional  design.  In  addition,  a  reduction  in 
the  number  of  bearing-associated  hardware  such  as  locknuts,  retainers,  and  lubrication  rings  further  simplifies 
the  new  assembly  and  reduces  fabrication  costs.  The  calculated  bearing  fatigue  life  is  increased  and  the  spring 
rates  of  the  tapered-roller  bearings  are  also  increased  compared  to  conventional,  which  should  decrease  gear 
deflections  under  load. 

The  sum  ol  the  improvements  ol  the  advanced-concept  transmission  is  shown  in  Table  28.  This  table  compares 
the  salient  features  of  a  current  design  and  the  same  design  incorporating  the  advanced-technology  components 
in  terms  ol  weight,  pails  count,  and  design  lile.  the  only  feature  included  in  this  summary  which  is  not 
discussed  in  this  report  is  the  weight  reduction  due  to  an  advanced-composite  housing.  I  he  evaluation  of  the 
composite  housing  w  ill  he  discussed  m  a  lollow-ou  repot i.  The  leduced  weight  eouliguiatton  ol  the  composite 
housing  was  5  pounds.  One  ot  the  significant  features  of  this  design  is  the  reduction  in  the  number  of  bearings, 
which  has  a  direct  impact  on  oil  How  and  cooling  requirements.  The  improvements  shown  in  Table  28  meet  oi 
exceed  all  of  the  design  goals  initially  established  tor  this  program. 

Based  on  this  comparison,  it  is  apparent  that  the  design  goals  established  for  each  component  and  to-  a  total 
transmission  design  can  be  achieved  through  the  use  ol  the  component  technology  developed  during  this 
program.  No  significant  problems  were  experienced  during  this  program  which  could  allect  the  direcf  use  o 
these  components  in  an  advanced-concept  transmission  which  would  enter  the  design  phase  in  the  198  s. 

TABLE  28.  ADVANTAGES  Of  ADVANCED  COMPONENT  ASSEMBLY 


Baseline 

Advanced 

Improvement  (V-) 

Weight  (lb) 

1  25 

100.5 

20 

Main  Bearings 

(> 

4 

25 

M.por  Components 

28 

l!> 

28 

1  ay  mg  Sui  laces 

IS 

50 

B  IO  Life  (In) 

>>;2 

1  ,(i(IO 

+  65 

Oil  1  low  (l.'min) 

22.7 

18.0 

20 

RECOMMENDATIONS 


Although  a  significant  amount  of  rig  testing  was  conducted  during  this  program,  testing  ot  each  component  in 
a  complete  transmission  assembly  was  not  planned  or  accomplished.  It  is  recommended  that  the  component 
technology  developed  under  this  program  be  incorporated  into  an  existing  helicopter  transmission  system  and 
tested.  One  such  proposed  system  was  shown  in  Figure  95.  This  continuation  ot  testing  would  permit  a  direct 
comparison  ot  performance  and  life  ol  the  existing  system  versus  the  system  modified  with  advanced-technology 
components.  Testing  would  initially  be  conducted  in  a  test  rig  which  would  eventually  lead  to  a  flight-test 
program.  This  type  of  program  would  provide  additional  contidence  and  verification  ol  the  advanced  concept 
be  tore  its  incorporation  into  a  lulure  advanced-concept  helicopter  drive  system. 

In  addition,  the  oil-off  survivability  tests  conducted  on  the  ribbed-cup  tapered-roller  bearing  design  did  not 
achieve  the  military  goal  of  30  minutes  of  operation  at  gearbox  torque  limit  without  lubrication.  These  tests 
did  provide  information  concerning  areas  of  additional  testing  and  design  modifications  which  could  result  in 
obtaining  this  goal.  Therefore  it  is  recommended  that  additional  work  be  conducted  on  advanced  material 
development  for  the  cage  and  cup  rib  and  modifications  to  the  bearing  geometry  and  cage  design  in  order  to 
extend  or  achieve  the  30-minute  oil-off  requirement.  The  final  evaluation  of  the  optimum  design  should  be 
performed  in  an  environment  and  mounting  arrangement  similar  to  those  of  an  actual  helicopter  transmission. 

The  marked  advantages  that  can  accrue  from  component  development  are  evident  in  the  results  of  this  program. 
Continuing  programs  leading  to  integrated  assembly  and  testing  of  improved  components  will  provide  these 
advantages  for  drive  systems  of  the  1 980's.  Results  to  date  indicate  that  the  continuation  of  these  component 
developments  will  provide  significant  and  fruitful  results. 


151 


REFERENCES 


1.  Eenski,  Joseph  W„  Jr.,  .mJ  Mack,  John  C.,  DRIVE  SYSTEM  DEVELOPMENT  FOR  I  HE  1980'S, 

Paper  No.  IIP-1),  Presented  al  the  Helicopter  Propulsion  System  Specialists'  Meeting  of  the  American 
Helicopter  Society,  Williamsburg,  Virginia,  November  1979. 

2.  Lemanski,  A.|„  Lenski,  J.W.,  Jr.,  and  Drago,  R.J.,  DESIGN,  FABRICATION,  TEST,  AND  EVALUA¬ 
TION  OF  SPIRAL  BEVEL  SUPPORT  BE ARINGS  (TAPERED  ROLLER),  Boeing  Vertol  Company 
HSAAMRDL  TR  73-16,  Eustis  Directorate,  U.S.  Army  Air  Mobility  Research  ami  Development  Labora¬ 
tory ,  Fort  Eustis,  Virginia,  June  1973,  AD769064. 

3.  I  enski.  Joseph  W„  Jr.,  TEST  RESULTS  REPORT  AND  DESIGN  I ECHNOLOGY  DEVELOPMEN  T 
REPORI  HLH/ATC  HIGH-SPEED  TAPERED  ROLLER  BLARING  DEVELOPMENT  PROGRAM, 
Boeing  Vertol  Company,  USAAMRDL  TR  74-33,  Eustis  Directorate,  U.S.  Army  Ail  Mobility  Research 
and  Development  Laboratory,  Fort  Eustis,  Virginia,  June  1974,  AD786561. 

4.  Conners,  T.F.,  and  Morrison,  F.R.,  FEASIBILITY  OF  TAPERED  ROLLER  BEARINGS  FOR  MAIN- 
SHAFT  ENGINE  APPLICATIONS,  SKF  Industries.  Inc.,  USAAMRDL  TR  73-46,  Eustis  Directorate, 
U.S.  Army  Air  Mobility  Research  and  Development  Laboratory,  Toil  Lustis,  Virginia,  August  1973, 
AD77I984. 

5.  TIMKEN  ENGINEERING  JOURNAL,  Section  I,  Timken  Company,  Canton,  Ohio,  1973. 

6.  Witte,  D.C.,  OPERATING  TORQUE  OF  I  APERED  ROLLER  BLARINGS,  presented  at  ASME-ASLL 

International  Lubrication  Con  Terence,  New  York,  New  York,  October  1972. 

■* 

7.  Eeibcnsperger,  R.E.,  AN  ANALYSIS  OF  FLOW  OF  OIL  THROUGH  A  TAPERED  ROLLER  BEAR¬ 
ING,  Journal  ol  Lubrication  Technology,  American  Society  ot  Mechanical  Engineers,  New  York,  New 
York,  April  1972. 

8.  Cornish,  R.F.,  Orvos,  P.S.,  and  Dressier,  G.J.,  DESIGN,  DEVELOPMENT  AND  TESTING  OT  HIGH¬ 
SPEED  TAPERED  ROLLER  BEARINGS  FOR  TURBINE  ENGINES,  Timken  Company,  Technical 
Report  AF  APL-T  R75-26,  U.S.  Air  Force  Aero  Propulsion  Laboratory,  Wright-Patterson  Ait  I  orce  Base, 
Ohio,  July  1975,  ADA026908. 


APPENDIX  A 


REFERENCE  TEST  DATA  TOR  AN 
MRC  207S  BEARING  IN  A  MODEL 
A  TEST  MACHINE 


I  In'  test  data  anil  We  i  H  ii  1 1  plots  presented  in  Appendix  A  were  obtained  by  MRC  on  a  previous  lest  program 
using  the  Model  A  test  machines.  This  reference  test  data  for  an  MRC  207S  ball  bearing  fabricated  from 
52100  steel  can  be  used  to  compare  the  results  of  the  slave  bearings.  The  slave  bearings  used  in  this  program 
were  obtained  Irom  the  original  three  lots  of  bearings  and  were  tested  under  the  same  conditions  except  for 
lubricant  and  operating  temperatures. 
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LUBE  -  SAE  #  10 


r 


G  U 

G 

id 

o  o 

o 

r 

p  ft 

r~s 

H  !H 

g 

g 

05  G 

C j 

c: 

£  £ 

r* 

r 

o  o 

o 

o 

xi  xl 

T> 

G  C) 

C) 

O 

£  c 

c 

c 

G  G 

G 

d 

u  u 

d  A 

3  2  G 

0  G 

d  g 

H  0)  0) 

HOC) 

ft  ft  0 

ft  o 

ft  CJ 

H  -P  d 

H  C  C 

£ 

c* 

r 

G  3  d 

G  d  G 

•*  c 

-  d 

W  O  H 

PQhh 

d  d  i — i 

r3  03  ft 

vo  x  ft 

XXX 

X  X  X  X 

G  (!) 

O  G 

O  G 

CD  G  G 

coco 

c n 

X  Xl  X) 

X  X  x) 

TJ  ft  T3 

03  T3  Td 

'H  t;  -J 

XXX 

ft  03  vo  vO 

<1)0  0 

a  <D  a) 

£  £  G 

C  £  G 

C  G  G 

CCS 

£  d  £  c 

H  i — 1  rH 

rl  rl  rl 

G  Q  r — i 

O  G  ft 

CJ  C*  H 

cj  a)  a 

o  o  O  <3 

<x 

i — 1  i — 1  i — 1 

rH  rH  rH 

ft  ft. — I 

ft  ft  ft 

ft  ft  ft 

P-  ft,  ft 

ft  ft  ft  ft 

(core) 

(3  (3  (I) 

n  to  Cj 

i:  CO  Cj 

1 1  (.0  H 

WWW 

t/j  10  (0  LQ 

&4 

o  d  ft 

n  d  ft 

d  d  ft 

d  d  d 

d  d  d  p 

K 

CO  CO  CO 

C0  C0  CO 

CO  CO  CO 

co  co  oo 

CO  CO  CO 

co  co  co 

co  co  co  co 

CO 

o 

H 

ft 

ft- CO  CO 

tn  co  co 

cc 

Cm. 

■CC 

t-4 

•  .  • 

•  •  • 

* 

* 

• 

M 

CMnft 

m<r  m 

1  l  CO 

i  i  r 

i  i  vr 

i  i  i 

i  i  i  i 

<r  m 

in  -ft  tn 

l  1  vd 

t  i  ft 

1  1  '.'ft 

i  i  ; 

i  i  i  i 

■ 

rH  : — 1 

H  CM  u~\ 

i  1  n 

l  1C' 

i  l  cv 

i  i  i 

iiii 

> 

K 

cc 

CO  00  c 

mco  n 

cn  co  ft- 

CC  C  Lft 

ft  O.  -ft 

H*  NY 

CO 

•  «  « 

«  • 

•  •  * 

•  • 

• 

•  •  • 

»  •  t  • 

cc 

Oino 

1ft  H  tft 

vr  vo  rn 

Cj  ft  CM 

evened 

cr,  cv  co 

co  m  m  rn 

in  to,  vo 

CM  -ft  CM 

co.  CO  CM 

H*  rH  CO 

CO  CC'  cn 

even,--; 

ft  tn  in  m 

o 

H<r  <r 

m  n-vo 

vc  VO  N 

i — i  CY  N 

ft- [ft  CO 

CO  CO  ft 

CM  [>  t-  N 

K 

rH 

rl  H  H 

CM  CM  CM 

CM  CM  CM 

CM  cm  m 

tn  m  rn  m 

6 
K  r 

co 

5 

H1 

00  H  CM 

CM  C  vC 

in  vo  vo 

o  mco 

lft  ft  CM 

CC'  ft  tn 

ft-  -ft  vo  in 

1 — 1 

CM  m  rH 

CM  CM  tft 

rl  rH 

cv  m 

cm  tn 

r~. 

(X, 


154 


L_ 


FORGED 


Figure  A- 1 .  Test  of  MRC  207S  Bearings  Lot  No. 


MRC  RESEARCH  PROJECT  NO.  1610, 

(FORGED  52100  STEEL  RINGS) 

SPEED  -  5500  RPM 
LOAD  -  1900  #  RADIAL 
LUBE  -  SAE  #  10 
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Figure  A  2.  Test  of  MRC  207S  Bearings  Lot  No. 


TABLE  A- 3.  MRC  RESEARCH  PROJECT  NO.  1610,  LOT  NO. 
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APPENDIX  B 


RI8BED-CUP  TAPERED-ROLLER  BEARING  AND 
MAGNETIC  SEAL  TEST  DATA 


Appendix  B  contains  the  ribbed-cup  tapered-roller  bearing  and  magnetic  seal  test  data.  Included  are  the  build 
up  sheets  for  each  test,  test  data  recorded  at  each  data  point,  and  photographs  of  the  condition  of  the  hearings 
after  completion  of  test. 
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TABLE  B-7 . 


ADVANCED-TRANSMTSS ION  COMB- >NENTS  INVESTIGATION 
BEARING/SHAFT  SET  3 


SPR INS  PREL0AD  2140  LBF 

SHAFT  FL0N  DISTRIBUTION  TEST  2.00  SLAVE  3 
FLOATING  CUP  DIAMETRICAL  FIT  .0035  L00SE 
SLAVE  BEARING  SETTING  0.0000 


RPM 

LOAD 

GIL 

IN 

-TEMf 

CUP, 

DE 

>ERAT 

3D 

3  DE 

URES 
0 IL 
DE 

<  F)  - 

0UT 

0DE 

0  D 
SEAL 

- - a IL  FL0WS - 

PT/MIN 

SLV  0D  SHFT 

- HEAT-- 

BTU/MIN 
BR6  OIL 

3700 

5200 

187 

207 

193 

207 

197 

21  1 

8.0 

6.  1 

20.0 

273 

242 

3700 

7800 

187 

208 

193 

207 

197 

215 

8.0 

6.6 

20.0 

289 

245 

37  00 

10400 

187 

209 

193 

208 

197 

215 

8.0 

6.9 

20.0 

299 

254 

37  00 

11710 

186 

209 

192 

208 

195 

216 

8.0 

7.0 

20.0 

304 

251 

5S50 

5200 

191 

227 

204 

221 

209 

223 

8.0 

6.  1 

20.0 

509 

396 

5550 

7810 

191 

230 

205 

225 

209 

225 

8.0 

6.7 

O 

• 

O 

527 

430 

5550 

10410 

191 

232 

206 

227 

209 

231 

8.0 

7.0 

o 

• 

o 

cvj 

540 

447 

5550 

11710 

190 

231 

206 

227 

209 

234 

8.0 

7.  1 

20.0 

544 

465 

7  400 

5200 

189 

243 

214 

232 

220 

235 

8.0 

5.8 

20.0 

792 

617 

7  400 

7800 

185 

245 

210 

232 

219 

236 

8.0 

6.2 

20.0 

829 

683 

7  400 

10400 

187 

247 

210 

23  4 

218 

237 

8.0 

6.  6 

20.0 

8  52 

658 

7  400 

1  1700 

186 

249 

21 1 

235 

219 

237 

8.0 

6.7 

20.0 

852 

69  6 

37  00 

5205 

188 

207 

201 

207 

201 

0 

8.0 

0.0 

20-0 

273 

22  6 

37  00 

7810 

188 

209 

201 

209 

201 

0 

8.0 

0.0 

20.0 

287 

240 

37  00 

10410 

191 

210 

204 

211 

204 

0 

8.0 

0.0 

20.  0 

293 

233 

37  00 

11710 

189 

211 

204 

211 

203 

0 

8.0 

0.0 

20.0 

297 

254 

5550 

5205 

190 

227 

219 

222 

216 

0 

8.0 

0.0 

20.0 

508 

41  1 

5550 

7810 

187 

229 

217 

222 

214 

0 

8.0 

0.0 

20.0 

539 

440 

5550 

10410 

18? 

232 

220 

226 

217 

0 

8.0 

0.0 

20.0 
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187 
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0.0 

20.0 
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TABLE  B-8.  TEST  NO.  141. 1-U  -  BUILDUP  SHEET 

SETUP  NO.  3A 


TEST  SEARINGS 


1  SHAFT  SERIAL  NO. 

*  rim  SERIAL  NO. 

I  CUP  SERIAL  NO. 

"  ROLLER  SIZE 

h  CUP  O.D._ _ 

I  HOUSING  I.D. 
CUP/UOCSING  PIT 


I.D. 


CUP  PILOT 

CAGE  O.D. _ 

CUP /CAGE  CLEARANCE 
RADIAL  CAGE  GROWTH  >2 
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(  r™> 

-  alaiA  cup  depcrhattot 

DIE  TO  PIT _  _ 
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SA/Ve  _  Te 5  T  6A5- 
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OPPOSITE  DRIVE  END 


TSrsr  Sere. 
_ As  0  3 _ 


1 _ LARGS  END 


SHALL  END 


LARGE  END 


i._.rz 


SMALL  END 


3ELLHVILLE  LOADING  SPRINGS  USED  -  SET  NO. 

FREE  HEIGHT 
SPRING  DEFLECTION 
PRELOAD 


.  «?g>7 
.  //SS~ 

■2./XO  pounds 


SLAVE  SEARINGS 


[  CONE  SERIAL  NO. 
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OPPOSITE  DRIVE  SI®  CENTER 

?  . .  ..  _ 

I  CUP  SERIAL  NO. 

3  .  ....  ....... 
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£  <?V 

r  SHAFT  O.D. 

V.7/T2/T  , 
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_  H.  T'iKm  - . 
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ISt 


TAB IiK  B-9 


ADVANCED-TRANSMISSION  COMPONENTS  INVESTIGATION 
BEARING/SHAFT  SET  31 


SPRING  PREL8AD  2130  LBF 

SHAFT  FL3 W  DISTRIBUTION  TEST  2.00  SLAVE  8 
FLOAT INC  CUP  DIAMETRICAL  FIT  .0007  L33SE 
SLAVE  BEARING  SETTING  0.0000 


RPM 

L8A0 

aiL 

IN 

-TEMI 

CUP 

DE 

3ERAT 
3D 
a  DC 

URES 

aiL 

DE 

<F>- 

auT 

aoE 

aD 

SEAL 

- -3 I L  FL3US - 

PT/MIN 

SLV  3D  SHFT 

- HEAT-- 

btu/min 
BRG  01L 

37  00 

5200 
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209 

203 

207 

202 

234 

8.0 

.0.0 

20.0 

272 

219 

37  00 

7810 

190 

213 

203 

21  r 

203 

237 

8.0 

0.0 

20.0 

283 

2  40 

37  00 

10410 

188 

212 

200 

210 

20! 

237 

8.0 

0.0 

20.0 

296 

247 

37  00 

11710 

190 

215 

201 

211 

203 

237 

8.0 

0.0 

20.0 

297 

240 

5550 

5205 

189 

233 

220 

222 

216 

240 

8.0 

0.0 

20.0 

508 

426 

5550 

7810 

190 

234 

221 

225 

218 

241 

8-0 

0.0 

20.0 

52  6 

447 

5550 

10410 

191 

236 

221 

227 

218 

242 

8.0 

0.0 

20.0 

540 

447 

S550 

1  1710 

191 

238 

221 

228 

219 

242 

8.0 

0.0 

20.0 

541 

4  62 

7  400 

5205 

191 

253 

242 

235 

235 

249 

8.0 

0.0 

20.0 

779 

62  7 

7400 

78  t  0 

191 

254 

242 

239 

237 

249 

8.0 

0.0 

20.0 

8  02 

671 

7400 

10410 

189 

255 
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240 

236 

249 

8.0 

0.0 

20.0 

826 
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7  400 

11710 

191 

257 

241 

241 

237 

250 

8.0 

0.0 

20.0 

828 

68  5 

37  00 

5205 

189 

210 

204 

207 

202 

236 

8.0 

0.0 

20.0 

272 

219 

3700 
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214 

205 
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205 

239 

8.0 

0.0 

20-0 

282 
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37  00 

10410 

189 

216 
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204 

239 

8.0 

0.0 

20.  0 

29  l 

2  69 

3700 

11710 

189 

215 
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239 

8.0 

0.0 

20.0 
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2  69 

5550 

5205 

190 
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223 

22  5 

218 

243 

8.0 

0.0 

20.0 
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5550 
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190 
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226 

218 

241 

8.0 

0.0 

20.0 
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190 
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243 
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20.0 
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772 
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241 

239 
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0.0 

20.0 
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7400 
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828 
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CUP  78-14  VIEWED  FROM  SMALL  END 


CUP  78  14  VIEWED  FROM  LARGE  END 


Figure  B  I  5.  Cup.  Rollers,  and  Cage  Used  Opposite  Drive  Fnd  of  Shaf 
Setup  No.  .?  (Sheet  I  of  2) . 
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TABLE  B-ll 


ADVANCED-TRANSMISSION  COMPONENTS  INVESTIGATION 
BEARING/SHAFT  SET  4 


SPRING  PRELGAO  21  IS  LBF 

SHAFT  FL8  W  DISTRIBUTI9N  TEST  1.00  SLAVE  8 
FLOATING  CUP  DIAMETRICAL  FIT  .0008  L00SE 
SLAVE  SEARING  SETTING  0.0000 

- TEMPERATURES  <F> -  --3IL  FL0WS -  - HEAT-* 


GIL 

CUP 

GO 

GIL 

GUT 

3D 

PT/MIN 

BTU/M1N 

RPM 

L3AD 

IN 

DE 

GDE 

DE 

GDE 

SEAL 

SLV 

GD 

SHFT 

BRG 

GIL 

37  00 

5205 

188 

219 

213 

209 

202 

247 

8.0 

0.0 

18.0 

270 

21  6 

37  00 

7810 

187 

221 

210 

208 

20! 

249 

8.0 

O 

• 

Q 

18.0 

289 

229 

3700 

10410 

189 

225 

210 

21  1 

203 

252 

CO 

• 
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0.  0 

o 

• 

DO 

294 

236 

37  00 

11710 
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226 

209 

212 

204 

253 

8.0 

O 

• 

o 

18.0 
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249 

5550 

5205 

187 

240 

233 

221 

217 

251 

8.0 

0.0 

18.0 

510 

422 

5550 

7810 

190 

244 

234 

227 

220 

253 

8-0 

O 

• 

o 

18.0 

520 

442 

5550 

10410 

188 

245- 

232 

2  26 

219 

253 

8.0 

o 

• 

o 

18.0 

541 

455 

5550 

11710 

189 

247 

231 
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255 

8.0 

o.o 

18.0 

541 

455 

7  400 

5205 
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26  5 

258 

238 

239 

268 

* 

• 

o 
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• 
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CO 

• 

o 

764 

629 

7  400 
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* 

OJ 
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• 

CO 

794 
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TABLE  B-12.  ADVANCED-TRANSMISSION  COMPONENTS  INVESTIGATION, 
BEARING/SHAFT  SET  41 

SPRIN8  PRELOAD  21  IS  LBP 

SMART  PLOW  DISTRIBUTION  TEST  .SO  SLAVE  8 
ELOATINS  CUR  DIAMETRICAL  PIT  .0008  LOOSE 
SLAVE  BEARINO  SETTINfi  0.0000 


RPM 

LOAD 

OIL 

IN 

-TEMPERATURES 
CUP  00  OIL 
DE  ODE  DE 

<P>- 

OUT 

ODE 

OD 

SEAL 

—  OIL  FLOWS-— 
PT/MIN 

SLV  OD  SHPT 

—  HEAT— 
BTU/MIN 
BR6  OIL 

3700 

5205 

191 

219 

220 

210 

205 

241 

8.0 

0.0 

17.0 

266 

208 

3700 

7810 

190 

220 

219 

210 

204 

243 

8.0 

6.0 

17.0 

283 

214 

3700 

10410 

190 

222 

217 

212 

203 

244 

8.0 

0.0 

17.0 

292 

221 

3700 

11710 

189 

223 

216 

212 

203 

243 

8.0 

0.0 

17.0 

295 

234 

5550 

5205 

190 

248 

244 

226 

222 

265 

8.0 

0.0 

17.0 

493 

431 

SS50 

7810 

.  189 

251 

254 

228 

222 

267 

8.0 

0.0 

17.0 

515 

457 

5550 

10410 

189 

248 

240 

227 

W 

ro 

o 

26  4 

8.0 

0.0 

17.0 

537 

438 

5550 

11710 

»*Q 

251 

240 

231 

221 

269 

8.0 

0.0 

17.0 

532 

457 

7400 

5205 

190 

27  0 

264 

237 

241 

286 

8.0 

0.0 

17.0 

742 

624 

7400 

7810 

191 

273 

264 

240 

243 

285 

8.0 

0.0 

17.0 

787 

644 

7400 

10410 

191 

276 

265 

242 

244 

291 

8.0 

0.0 

17.0 

804 

663 

7400 

1 1710 

190 

27  5 

265 

241 

242 

290 

8.0 

0.0 

17.0 

818 

657 

193 


Figure  B-18.  Cup,  Rollers,  and  Cage  Used  Opposite  Drive  End  of  Shaft  78-5  in  Test 
Setup  No.  4  (Sheet  2  of  2). 


TABLE  B-13 


TEST  NO.  141. 1-U 
SETUP  NO.  5 

TEST  BEAJUHCS 


BUILDUP  SHEET 


TABLE  B-14 .  ADVANCED-TRANSMISSION  COMPONENTS  INVESTIGATION, 
BEARING/SHAFT  SET  5 

SPRING  PRELOAD  2130  L8F 

SHAFT  FL»W  DISTRIBUTION  TEST  8.00  SLAVE  8 
FLOATING  CUP  DIAMETRICAL  FIT  .0006  LOOSE 
SLAVE  BEARING  SETTING  0.0000 


RPM 

LOAD 

OIL 

IN 

-TEMI 

CUP 

DE 

»ERAT 

80 

ODE 

URES 

OIL 

DE 

<F>- 

OUT 

ODE 

OD 

SEAL 

--OIL  FLOUS - 

pT/min 

SLV  OD  SHFT 

- HEAT— 

BTU/MIN 
BR6  OIL 

3700 

S20S 

189 

206 

199 

207 

200 

224 

8.0 

0.0 

32.0 

276 

292 

37  00 

7810 

190^ 

207 

199 

207 

200 

227 

8.0 

0.0 

32.0 

293 

272 

3700 

10410 

189 

209 

198 

209 

200 

22S 

8.0 

0.0 

32.0 

301 

313 

37  00 

11710 

189 

209 

198 

209 

199 

227 

8.0 

0.0 

32.0 

30S 

303 

SSSO 

S20S 

191 

220 

210 

219 

21  1 

230 

8.0 

0.0 

32.0 

528 

48  6 

5S50 

7810 

19Q 

220 

209 

219 

210 

228 

8.0 

0.0 

32.0 

557 

49  6 

SSSO 

10410 

188 

221 

208 

220 

209 

228 

8.0 

0.0 

32.0 

575 

536 

5550 

11710 

189 

223 

209 

221 

210 

228 

8.0 

0.0 

32.0 

576 

537 

7400 

S20S 

191 

231 

220 

230 

223 

233 

8.0 

0.0 

32.0 

829 

721 

7400 

7810 

189 

231 

219 

229 

222 

231 

8.0 

0.0 

32.0 

874 

741 

7400 

10410 

.  190 

232 

220 

232 

222 

232 

8.0 

0.0 

32.0 

891 

752 

7400 

11710 

188 

231 

219 

231 

222 

230 

8.0 

0.0 

32.0 

901 

782 

TABLE  B-15.  ADVANCED-TRANSMISSION  COMPONENTS  INVESTIGATION, 
BEARING/SHAFT  SET  51 

SPRING  PRELOAD  2130  LBF 

SHAPT  FLOW  DISTRIBUTION  TEST  8.00  SLAVE  8 
FLOATING  CUP  DIAMETRICAL  FIT  .0006  LOOSE 
SLAVE  BEARING  SETTING  -.0004 


RPM 

LOAD 

OIL 

IN 

-TEMI 

CUP 

OE 

»ERAT 

00 

ODE 

URES 

OIL 

DE 

IF  > - 

OUT 

ODE 

00 

SEAL 

--OIL  FLOGS - 

PT/MIN 

SLV  3D  SHFT 

— HEAT-- 
BTU/MIN 
BRG  OIL 

9600 

5205 

189 

241 

232 

241 

238 

245 

8.0 

0.0 

32.0 

1249 

1030 

9600 

7810 

191 

245 

232 

245 

23? 

249 

8.0 

0.0 

32.0 

1281 

104  1 

9600 

10410 

190 

245 

231 

245 

238 

248 

8.0 

0.0 

32.0 

1319 

1051 

96  00 

11710 

189 

245 

234 

245 

239 

246 

8.0 

0.0 

32.0 

132  5 

1082 

1  1800 

5205 

187 

255 

247 

257 

255 

245 

8.0 

0.0 

32.0 

1700 

141  5 

1  1800 

7810 

190 

259 

248 

260 

256 

235 

8.0 

0.0 

32.0 

1734 

1394 

1  1800 

10410 

191 

261 

250 

263 

257 

237 

8.0 

0.0 

32.0 

1755 

1416 

1  1800 

1  1710 

191 

260 

249 

262 

256 

239 

8.0 

0.0 

32.0 

1775 

1395 

1  4000 

S20S 

189 

272 

273 

277 

271 

238 

8.0 

0.0 

32.0 

2203 

1751 

1  4000 

7810 

188 

273 

273 

278 

270 

242 

8.0 

0.0 

32.0 

2229 

1778 

1  4000 

10410 

190 

273 

262 

281 

272 

240 

8.0 

0.0 

32.0 

2239 

1783 

1  4000 

11710 

190 

27  4 

262 

283 

272 

241 

8-0 

0.0 

32.0 

2238 

1804 

201 


CUP  78-9  VIEWED  FROM  LARGE  END 


Figure  B— 21 .  Cup,  Rollers,  and  Cage  Used  Opposite  Drive  End  of  Shaft  78-4  in  Test 
Setup  No.  5  (Sheet  I  of  2). 


ROLLERS 


CAGE  78-25 


Figure  B  —  2 1 .  Cup,  Rollers,  and  Cage  Used  Opposite  Drive  End  of  Shaft  78-4 
Setup  No.  5  (Sheet  2  of  2). 


TABLE  B-17.  ADVANCED-TRANSMISSION  COMPONENTS  INVESTIGATION, 
BEARING/SHAFT  SET  6 

SHAFT  FLOW  DISTRIBUTION  TEST  8.00  SLAVE  0 
FL0ATIN6  CUP  DIAMETRICAL  FIT  .0002  LOOSE 


RPM 

SPRING 

LOAD 

OIL 

IN 

-TEMI 

CUP 

DE 

»ERAT 

OD 

ODE 

URES 

OIL 

DE 

<F>- 

OUT 

ODE 

3D 

SEAL 

--OIL  FLOWS - 

PT/MIN 

SLV  00  SHFT 

- HEAT-- 

BTU/MIN 
BR6  OIL 

3700 

2964 

184 

196 

196 

196 

196 

220 

16.0 

84 

97 

5S50 

2964 

189 

211 

211 

21  1 

21  1 

237 

16.0 

145 

178 

7400 

296  4 

189 

22! 

22! 

221 

223 

227 

1  6.0 

216 

268 

9600 

296  4 

191 

240 

238 

238 

240 

238 

16.0 

300 

391 

t  1800 

296  4 

187 

2  SO 

2S0 

2S0 

252 

232 

16.0 

404 

52  4 

1  4000 

296  4 

187 

261 

26! 

263 

266 

234 

16.0 

505 

637 

37  00 

6418 

190 

207 

203 

201 

203 

23S 

1  6.0 

100 

97 

SSSO 

6418 

190 

221 

213 

2!  5 

214 

233 

16.0 

177 

198 

7400 

6418 

190 

233 

224 

228 

223 

237 

16.0 

2  63 

288 

96  00 

6418 

190 

2  SO 

240 

244 

239 

247 

16.0 

3  67 

420 

1  1800 

6418 

190 

263 

2S1 

258 

253 

240 

16.0 

48  6 

537 

1  4000 

6418 

188 

280 

266 

274 

269 

243 

16.0 

598 

688 

208 


TABU-:  B-13.  ADVANC'KP-TRANSM  I  SS  1 1  >N  C '( VM I  '<  TJl'NTS  I  NVI I  <"-ATT  MN  , 
BKARINC  I'MAI'T  SIT  M 

SHAFT  FL3W  DISTRIBUTION  TEST  4.00  SLAVE  0 

FL0ATIN6  CUP  DIAMETRICAL  FIT  .0002  L33SE 


RPM 

SPRIN6 

LOAD 

OIL 

IN 

-TEMI 

CUP 

DE 

=  ERAT 
30 
ODE 

URES 

OIL 

DE 

cp  y- 

3UT 

ODE 

OD 

SEAL 

--3IL  EL 3 VS - 

PT/MIN 

SLV  3D  SH  FT 

- HEAT-- 

BTU/MIN 
PRG  OIL 

37  00 

2964 

185 

205 

201 

2C  i 

201 

228 

8.0 

79 

64 

5550 

296  4 

188 

226 

221 

221 

222 

231 

8.0 

132 

136 

7  400 

296  4 

187 

243 

236 

236 

238 

241 

8.0 

192 

204 

9600 

2964 

189 

267 

258 

258 

259 

255 

8.0 

264 

28  5 

1  1800 

2964 

188 

287 

275 

275 

275 

258 

8.0 

347 

359 

1  4000 

2964 

190 

312 

298 

298 

294 

253 

8-0 

421 

439 

37  00 

6418 

189 

21  1 

209 

209 

208 

234 

8.0 

9  A 

79 

5550 

6418 

189 

234 

225 

228 

226 

245 

8.0 

1  60 

1  54 

7  400 

6418 

189 

250 

242 

245 

2  43 

254 

8.0 

230 

225 

9600 

6418 

189 

27  5 

265 

266 

26  5 

265 

8.0 

317 

314 

l  1800 

6418 

190 

29  4 

285 

28  5 

284 

2  58 

8.0 

409 

390 

1  4000 

6418 

191 

319 

307 

307 

305 

262 

8.0 

49  6 

4  78 

TABLE  B-19 .  ADVANCED-TRANSMISS ION  COMPONENTS  INVESTIGATION, 
BEARING/SHAFT  SET  6  2 

SHAFT  FLOW  DISTRIBUTION  TEST  1.00  SLAVE  0 
FLOATING  CUP  DIAMETRICAL  FIT  .0002  LOOSE 


•  4*4*  • 

-TEMPERATURES 

(F  i- 

---- 

--OIL  FLOWS - 

- HEAT-- 

i 

SPRING 

OIL 

CUP 

00 

OIL 

OUT 

OD 

PT/MIN 

8TU/HIN 

RPM 

LOAD 

IN 

DE 

ODE 

OE 

ODE 

SEAL 

SLV  OD  5HFT 

BRO 

OIL 

1 

37  00 

296  4 

178 

218 

227 

207 

212 

235 

2.0 

73 

32 

5550 

296  4 

179 

255 

263 

226 

245 

258 

2.0 

1  19 

58 

it1' 

7  400 

2964 

ISO 

290 

299 

255 

278 

281 

2.0 

t  60 

89 

in 

96  00 

296  4 

188 

322 

339 

288 

317 

301 

2.0 

211 

119 

1* 

J 

1  1800 

296  4 

192 

367 

38  5 

331 

365 

323 

2.0 

249 

1  64 

V 

37  00 

6418 

174 

223 

231 

21  1 

217 

239 

2.  0 

89 

41 

5505 

6418 

185 

269 

27  1 

245 

257 

276 

2.0 

134 

68 

7400 

6418 

186 

297 

308 

263 

285 

283 

2.0 

193 

91 

! 

9600 

6418 

187 

337 

356 

302 

333 

305 

2.0 

246 

136 

1800 

6418 

189 

368 

386 

333 

367 

313 

2.0 

307 

169 

i 


i 
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CUP  79  8  VIEWED 


A. 


CUP  79-8  VIEWED  F 


Figure  B-23.  Cup,  Rollers,  and  Cage  Used  a 
(Sheet  I  of  2». 


CAGE  /8  78 

igure  B  24.  Cup,  Rollers,  and  Cage  Used  Opposite  Drive  Cud  of  Shaft  7S-7  in  Test 
Setup  No.  6  (Sheet  2  of  2). 


OPPOSITE.  DRIVE’  END 


f  igurt*  !i  25.  SIki f  t  No.  7H-7  I ■  ruin  I  rst  Si*  I  up  No.  6 


t  *' 


BOTTOM  OF  OIL  RESERVOIR 


MAGNETIC  STRAINER  F-ROM  OIL  RESl  RVOIR 


(>.  (  ondition  of  C  omponeuts  Alter  Kimning  lost  Setups  No.  I  I  linuigh  ft  ami 
He  to  re  Kutmiug  the  I  SO-  Hour  liuhiranee  lest  Setup  \o  X. 


TABLi:  B - 2 0  .  Tl'.ST  NO.  141.1-1'  -  SUM  I, DIM  SI!  KIT, 

SKTUP  NO.  7 

TEST  BEARINGS 


DRIVE  END 

OPPOSITE  DRIVE  END 

WTrrrKTrnvr^mmmmmm 

;  >  - 

\  rm*  SERIAL  NO. 

79  -  3/ 

^--7}~7*2r-  - 

V?-  /  o 

ry  -  .  t_- 

"  "y 

i_  ■  ^ 

COP  O.D. 

■  CS  :  Z  ZCC  C  ~  — 

TAPf^F  f^WD 

■ 

CD?  PILOT  X.D.  i  V  -3’  ^  *•' 

•?-G  T* 

y.  £  7%Z 

7  '  27  , 

M " F’Tt 

WBBSBMm 

3  s' 

*•’  r-  T  *** 

P  ' 

1  lA? 

•actpT 

5-’ 

-t  /  S 

-OOO  > 

-oo  do  ry 

,  OOO/o 

z=^7_7j__ 

.  O  0/0  £ 

.  s>o/o>y 

L  " 

— 

running  cop/cage  clearance 

.  (J<572 

■30  g  / 

'OO^O-  i  .JO  7-?  | 

sumui  loading  springs  used  -  set  HO.  7- _ 

mgg  WgTfTHT  ■/-  - _ 

SPRING  DEFLECTUM  .  //J2. _ 

RELOAD  72  // 7 _  POUNDS 


SLATE  BEARINGS 


DRIVE  END  CENTER 

OPPOSITE  DRIVE  2ND  CENTER  i 

COB!  SERIAL  NO. 

/ 

V 

lEJEHHE— ■ 

_ . _ 

[  ROLLER  SIZE 

.'  yy  1  ■  "v 

—  ’  ^  v 

<i.  iy  ?  ° 

</  ^  </  ” 

^rrrrwciTJ  ri  ii «9Hm 

_  - -  ! 

- 

r.  £2-o  J 

03’  3 

_  o~  -'i  '•  .  _ j 

wjt~  m.r- 1  anm 

OO  (o  na~>  QQ  2 

c<45  pa(-  oo  .  ! 

Miinr.  ADJUSTMENT  AIM 

■000&  PP£ Lc»/3ACTUAL 

£££il  . -  .. 

MAGNETIC  SEAL  NO. 


WEIGHT 


MAGNET  RING 
94 

W-  ■'  ■' 


SEAL  CASE/CARBON  INSERT 

4s.o  7  77 
4.roJ  2 


WIDTH 


,  >  /  7  / 
■  77  2  7? 


S  7  “I 


3.0/7  O/.'a*'  7ef^_ 

<-* 'S& 


bffiC. 


77  J 


TABLE  B-21 


ADVANCED-TRANSM ISS ION  COMPONENTS  I NVEST THAT  I  ON 
BEARING/SHAFT  SET  7 


SHAFT  FLAW  DISTRIBUTION  TEST  4.00  SLAVE  8 
FLOATING  CUP  DIAMETRICAL  FIT  -0005  L30SE 
SLAVE  BEARIN6  SETTING  -.0005 


RPM 

L3AD 

aiL 

IN 

-TEMI 

CUP 

DE 

=  £RAT 
3D 
0DE 

URES 

3IL 

DE 

<F  >- 
auT 

3  DE 

00 

SEAL 

--31L  FL0WS - 

PT/MIN 

SLV  3D  SHFT 

- HEAT-- 

btu/min 

BRG  3 IL 

37  00 

5202 

231 

241 

239 

241 

239 

256 

1  5.2 

0.0 

24.0 

218 

1  79 

37  oar 

7810 

242 

253 

250 

253 

249 

265 

1  5.  4 

0.0 

24.  0 

217 

180 

3700 

10410 

245 

256 

252 

255 

252 

266 

1  5.  4 

0.0 

24.0 

222 

1.70 

3700 

I  1710 

242 

253 

249 

253 

249 

262 

15.4 

0.0 

24.0 

227 

180 

5550 

5205 

295 

308 

308 

308 

307 

311 

1  5.6 

0.0 

24.  0 

325 

2  52 

5550 

7810 

293 

307 

305 

307 

305 

309 

1  5.  5 

0.0 

24.0 

343 

262 

5550 

10410 

299 

313 

310 

313 

310 

313 

15.5 

0.0 

24.  0 

347 

252 

5550 

117  10 

300 

315 

311 

315 

31  1 

314 

15.5 

0.0 

24.  0 

347 

2  62 

7  400 

5205 

299 

323 

322 

322 

319 

321 

15.5 

0.0 

24.  0 

524 

434 

7400 

7810 

298 

324 

321 

321 

318 

322 

1  5.6 

0.0 

24.0 

550 

435 

7  400 

10410 

300 

324 

320 

324 

320 

324 

1  5.  7 

0.0 

24.  0 

561 

447 

7  400 

11710 

2f9 

325 

320 

324 

319 

303 

15.7 

0.0 

24.  0 

566 

457 

96  00 

5205 

298 

333 

335 

331 

332 

330 

15.7 

0.0 

24.  0 

822 

682 

96  00 

7810 

297 

331 

333 

333 

333 

324 

15.7 

0.0 

24.  0 

8  50 

733 

96  00 

1  04 1  0 

298 

334 

334 

334 

333 

326 

1  5.7 

0.0 

24.  0 

871 

723 

96  00 

11710 

298 

334 

333 

335 

333 

325 

15.7 

0.  0 

24.0 

875 

733 

1  1800 

5205 

299 

347 

351  . 

345 

349 

326 

15.7 

0.0 

24.  0 

1  1  65 

980 

l  1800 

7810 

300 

3  49 

351 

348 

350 

327 

15.7 

0.0 

24.  0 

1  192 

1001 

1  1800 

10410 

299 

351 

351 

351 

351 

329 

1  5.7 

0.0 

24.0 

1210 

10  63 

1  1800 

1  1710 

360 

354 

354 

352 

352 

333 

1  5.7 

0.  0 

24.  0 

1214 

1063 

1  4000 

5205 

302 

369 

370 

366 

366 

331 

1  5.7 

0.  0 

24.0 

1  554 

1312 

1  4000 

7810 

300 

370 

369 

368 

367 

341 

1  5.7 

0.0 

24.  0 

1  565 

1  384 

1  4000 

10410 

300 

371 

368 

36  8 

366 

33  1 

15.7 

0.0 

24.  0 

1  593 

1  374 

14000  11710  299  373  366  36*  376  333 


I  5.7  0.0  24.  0  I  577  1  510 


CUP  79-10  VIEWED  FROM  LARGE  END 


Figure  B— 27.  Cup.  Rollers,  and  Cage  Used  at  Drive  End  of  Shaft  78-9  in  Test  Setup  No.  7 
(Sheet  1  of  21. 


cur  /8  It.  VII  VVI  I )  I  HUM  I  AIU  I  I  Ml ' 

Figure  B  2X.  Clip.  Rollers,  and  Cage  Used  Opposite  Drive  Fnd  of  Shaft  7S-1) 
Setup  No.  7  (Sheet  1  of  2)  . 


Figure  B-  28.  Cup,  Rollers,  and  Cage  Used  Opposite  Drive  End  of  Shaft  78-9  in  Test 
Setup  No.  7  (Sheet  2  of  2). 
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BELLEVILLE  LOADING  SPRINGS  USED  -  SR  NO. 

FREE  HEIGHT 
SPRING  OEPISCTIOH 
PRELOAD 


.o/ex> 


-2.  /f-?3Z7J 

.  7 

.  /  /  ~  .  ~.  'Z 

2/ />  POUNDS 


SLAVE  BEARINGS 


DRIVE  BED  CENTER 


|  COBE  SERIAL  NO. 
.  CUP  SERIAL  NO. 


ROLLER  SIZE 


OPPOSITE  DRIVE  END  CENTER 


wBAtntr  ADJUSTMENT  AIM 


MAGNETIC  SEAL  NO. 

To  TWe  /*■*'  /£*-'C 
?/? 


ACTUAL 


MAGNET  RING  SEAL  CASE/CARBON  INSERT 


WEIGHT 

WIDTH 


$39.  - 

.  >7</.  ' 


'(*  &  pa-' 

■  73  b_x 


3  2  6/.- A’.- 


■  /  f  r  :  > 


TABLE  B-2  3 .  ADVANCED-TRANSMISSION  COMPONENTS  INVESTIGATION, 
BEARING/S HAFT  SET  8 

SPRING  PRELOAD  2115  LBF 

SHAFT  FLOW  DISTRIBUTION  TEST  2.00  SLAVE  4 
FLOATING  CUP  DIAMETRICAL  FIT  .0005  LOOSE 
SLAVE  HEARING  SETTING  -.OOOS 


RPM 

LOAD 

8 IL 
IN 

-TEMf 

CUP 

DE 

•ERAT 

20 

8DE 

URES 

OIL 

DE 

<FJ- 

but 

ODE 

8D 

SEAL 

--3IL  FLOWS - 

PT/M1N 

SLV  3D  SHFT 

- HEAT- - 

8TU/MIN 
BRG  GIL 

HOURS 

7400 

1 1710 

If  0 

270 

250 

261 

245 

256 

8.0 

0.0 

12.0 

746 

64  5 

5 

7  400 

11710 

189 

267 

252 

260 

241 

251 

8.0 

0.0 

12.0 

756 

629 

16 

7400 

1  1710 

192 

269 

253 

265 

247 

257 

8.0 

0.0 

12.0 

734 

656 

27 

7  400 

11710 

191 

269 

250 

264 

245 

258 

8.0 

0.0 

12.0 

739 

651 

49. 

7  400 

11710 

193 

271 

257 

266 

248 

261 

8.0 

0.0 

12.0 

730 

656 

59 

7400 

11710 

191 

27  0 

255 

265 

247 

266 

8.0 

0.0 

12.0 

73  4 

666 

80 

7  400 

11710 

191 

27  0 

255 

264 

247 

269 

8.0 

0.0 

12.0 

73  6 

661 

LJO 

7  400 

11710 

191 

270 

255 

264 

247 

267 

8.0 

0.0 

12.0 

736 

661 

123 

7  400 

11710 

193 

271 

257 

267 

249 

26S 

8.0 

0.0 

12.0 

72  6 

666 

147 

7  400 

11710 

193 

27  1 

257 

266 

249 

266 

8.0 

0.0 

12.0 

728 

661 

150 

7  400 

11710 

192 

267 

252 

266 

248 

266 

8.0 

0.0 

12.0 

730 

666 

170 

7400 

11710 

191 

265 

250 

263 

245 

268 

8.0 

0.0 

12.0 

742 

645 

188 

7  400 

11710 

193 

266 

251 

26  5 

&46 

% 

260 

8.0 

0.0 

12.0 

735 

640 

209 

7400 

11710 

187 

ro 

* 

10 

246 

261 

244 

254 

8.0 

0.0 

12.0 

748 

671 

224 

7400 

1  1710 

189 

263 

247 

262 

245 

251 

8.0 

0.0 

12.0 

744 

661 

240 

7400 

11710 

192 

265 

249 

264 

246 

252 

8.0 

0.0 

12.0 

738 

645 

264 

7400 

11710 

191 

263 

249 

263 

245 

252 

8.0 

0.0 

12.0 

742 

645 

272 

7  400 

11710 

191 

264 

248 

264 

245 

251 

8.0 

0.0 

12.0 

739 

651 

296 

7400 

11710 

193 

267 

250 

267 

249 

259 

8.0 

0.0 

12.0 

726 

666 

308 

7400 

11710 

188 

265 

247 

26  4 

245 

257 

8.0 

0.0 

12.0 

•739 

682 

324 

7400 

11710 

191 

265 

250 

26  5 

247 

252 

8.0 

0.0 

12.0 

734 

666 

348 

7400 

11710 

191 

26S 

249 

265 

247 

251 

8.0 

0.0 

12.0 

734 

666 

356 

7  400 

11710 

190 

264 

249 

26  4 

245 

249 

8.0 

0.0 

12.0 

739 

661 

372 

7400 

11710 

191 

263 

249 

264 

246 

249 

8.0 

0.0 

12.0 

738 

656 

379 

225 


CUP  79-9  VIEWED  FROM  LARGE  END 


Figure  B-30.  Cup,  Rollers,  and  Cage  Used  at  Drive  End  of  Shaft  7S-6  in  Test  Setup  No.  8 
(Sheet  I  of  2 1 . 
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APPENDIX  C 


RIBBED-CUP  TAPERED-ROLLER  BEARING  AND 
MAGNETIC  SEAL  OIL-OFF  SURVIVABILITY  TEST  DATA 


Appendix  C  contains  the  ribbed-cup  taper ed-roller  bearing  and  magnetic  seal  oil-off  survivability  test  data, 
eluded  in  this  appendix  are  the  buildup  sheets  for  each  test,  test  data  recorded  at  each  data  point,  plots  of 
temperature  versus  time,  and  photographs  of  the  components  after  test. 
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No.  I  (Sheet  2  of  2). 
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CAGE  78-28 


•  Figure  C  3.  Cup.  Rollers,  and  Cage  Used  Opposite  Drive  Hnd  of  Shaft  7X-7  in  Oil-Off  Test 

l  '  No.  I  (Sheet  2  of  2). 
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CUP  78  3  VIEWED  FROM  SMALL  END 


CUP  78-3  VIEWED  FROM  LARGE  END 


Figure  C  6.  Cup.  Rollers,  and  Cage  Used  at  Drive  l  nd  of  Shall  7H-I  in  Oil-Off  Test  No 
( Sheet  I  of  2l. 
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CUP  78-2  VIEWED  FROM  SMALL  END 


CUP  78-2  VIEWED  FROM  LARGE  END 

Figure  C— 7.  Cup,  Rollers,  and  Cage  Used  Opposite  Drive  End  of  Shaft  78-1  in 
Test  No.  2  (Sheet  1  of  2). 
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CUP  79  1  VIEWED  FROM  SMALL  END 
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CUP  791  VIEWED  FROM  LARGE  END 


Figure  C  17.  Clip,  Rollers,  and  Cage  Used  at  Drive  End  of  Shaft  7K-5  in  Oil-Off  Test  No.  5 
(Sheet  1  of  2). 
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CUP  78  5  VIEWED  FROM  LARGE  END 


Figure  ('  IX.  (lip.  Rollers.  :nul  ( :i go  Used  Opposite  Drive  Ind  ot  Shaft  7.S-5  in  Oil-Oil 
Tesi  No.  5  (Sheet  1  of  2). 
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Test  No.  6 

Oil-Off  Survivability 
Speed  3700  RPM  Thrust  Load  3200  LBF 
New  Preload  Springs 


Modifications: 


(1) 

(2) 


(3) 


noth  cups  ground 
for  .007"  loose. 

Cage  pilots  increased  c 
to  .015"  LE  & 

.010"  SE  ° 

a 


(4)  Cup  lands  phosphate 

coated  O 


ODE  Cup  O.D. 


tP 


cP°° 


DE  Cup  O.D 


OCOOOOOOOOOOOOO  OOOC  OOOOOC  OOOOOOOOOC  Cfc  ooo  GGOOOOOO  o 

t- — 'Housing  O.D.  Temp. 


100 


Time  (Sec.) 


200 


Piyu re  (  I1).  Ik'.iiini:  anil  Hoiisinu  IVm|K-r:ilurcs  in  Oil-Oil  lesl  No.  ft 


ROLLERS 


I  CAGE  78-22 

i 

I 


Figure  C  —  21 .  Cup,  Rollers,  and  Cage  Used  at 
(Sheet  2  of  2). 
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